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Abstract 
Glass Fibre Reinforced Polymer composites (GFRP) have become an attractive 
construction material for civil engineering applications due to their excellent 
corrosion resistance, design flexibility, and high stiffness and strength-to-weight 
ratios. However, research related to the flexural behaviour of concrete filled 
GFRP tubes is very limited, especially with regards to developing high strength 
and lightweight composite beams. Therefore, this research project has developed 
and investigated the behaviour of a new composite beam, termed “multi-celled 
GFRP beam”, which was made by gluing together a number of pultruded GFRP 
tubes and then filled with low-strength concrete. 
Firstly, the effective elastic properties of the pultruded GFRP tubes were 
evaluated by testing full-scale specimens with different shear span-to-depth (a/d) 
ratios. The flexural (E) and shear (G) moduli of the GFRP tubes were then 
calculated using back calculation (BCM) and simultaneous (SM) methods. The 
results showed that the BCM method gives a more reliable elastic properties of 
pultruded hollow GFRP sections compared with SM and coupon tests. In 
addition, the full-scale test can accurately capture the local buckling failure of the 
compression flange of the GFRP section and the contribution of shear 
deformation, which is impossible to capture using a coupon specimen due to the 
discontinuity of the fibres. The compression buckling failure can significantly 
affect the ultimate failure load of GFRP sections and result in the section utilising 
only half of its design capacity.  
Secondly, the effect of filling the pultruded GFRP single sections with 
concrete of different compressive strengths on the flexural behaviour was 
investigated. Three different compressive strengths of concrete, i.e. 10 MPa, 37 
MPa, and 43.5 MPa, were used to fill the hollow pultruded tubes. These beams 
were then tested under 4-point static bending. The results indicated that the 
concrete filling improved the flexural behaviour of GFRP tubes. The beams filled 
with concrete of 10 MPa compressive strength showed a 100% increase in 
strength, while the beams filled with concrete of 43.5 MPa compressive strength 
exhibited a 141% increase in strength, compared to the hollow sections. 
However, both concrete filled beams showed an approximately similar stiffness 
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suggesting that low-strength concrete is a practical solution to filling the GFRP 
tubes.  
Thirdly, multi-celled GFRP beams were developed, and the flexural 
behaviour of this new beam concept was investigated. Beams with 1, 2, 3, and 4 
cells were tested in hollow and concrete-filled configurations. From the 
experimental outcomes, it was found that gluing the pultruded GFRP profiles 
together can help stabilise the section and effectively utilise the high strength of 
the fibre composite materials. Moreover, the provision of a concrete core in the 
top cells significantly enhanced the bending strength and stiffness of the GFRP 
sections, due to the concrete supporting the tube walls and delaying the local 
buckling. Similarly, the increased number of cells in the cross-section changed 
the failure mode from compression buckling to bearing.  
Finally, a simplified prediction equation, based on the maximum stresses 
of the GFRP materials and incorporating the shear span-to-depth ratio and local 
buckling, was developed. This model was used in a parametric study to evaluate 
the effect of the number of cells, shear span-to-depth ratio, and filling percentage 
on the flexural behaviour of the multi-celled GFRP beams. The results indicated 
that the increased number of cells enhanced the capacity of the hollow and 
concrete-filled beams. Similarly, the failure of the hollow beams will be 
governed by either the buckling failure of the compression flange of the top cell 
or the bearing failure, while the concrete filled beams will be affected by either 
bearing failure of the hollow cell under the filled cells or web buckling of the 
top-filled cell. It was also established that the multi-celled beams with a concrete 
infill at the top cell only would have a higher strength-to-weight ratio compared 
to their hollow beam counterparts. Furthermore, a failure mechanism map was 
developed to help identifying the possible failure mode for any combinations of 
GFRP tubes and concrete.  
An in-depth understanding of the behaviour of multi-celled GFRP beams, 
with and without concrete infill, was the significant outcome of this study. 
Moreover, the newly developed multi-celled GFRP section, filled with a low 
compressive strength concrete at the top cell only, showed high potential for 
structural applications that need high strength, high stiffness, and lightweight 
characteristics.   
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 Chapter 1:          
    INTRODUCTION  
 Research background and motivation 
Development in all aspects of life encourages engineers and scientists to search 
for new and better materials for building structures. However, for the 
construction industry this means faster, better, safer and cheaper structures. 
Therefore, the new materials have to provide longer life, less maintenance, and 
they have to withstand aggressive corrosive environments, which is due to the 
fact that deterioration of timber, corrosion of steel, degradation and marine borer 
(animals like shipworms) attack of concrete, as shown in Figure  1.1 are 
considered to be the greatest factors limiting the service life of the conventional 
materials. One of the best innovative materials considered as an attractive option 
to solve the abovementioned problems is fibre reinforced polymers (FRP) 
composites. 
 
Figure ‎1.1 Common problem of (a) timber (b) steel (c) concrete 
In the last decade, FRP profiles have become more accepted in civil construction 
applications. The innovation of the FRP composites started during the Second 
World War to cater for the need of the defence sector for Radomes (a dome or 
other structure protecting radar equipment) (Hollaway 2010). Since then, a 
significant improvement in their quality, and noticeable cost reductions of using 
FRPs in different applications, have been achieved. The innovation of pultrusion 
technology in addition to the advancements in specific resins, catalysts and 
accelerators represent the potential elements of the fundamental development of 
glass fibre reinforced polymer composites (GFRP) in the building and 
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construction industries. This technology, in fact, gives both the manufacturer and 
the designer opportunities to produce structures with different shapes and forms, 
and in addition to the tolerability of composite materials, this means they can 
have higher strength in some parts of the structure (Nordin & Täljsten 2004). 
There is a great potential to utilize fibre reinforced composites and, in general, 
glass fibre reinforced polymer pultruded sections in civil engineering structural 
applications due to its many unique advantages. However, if these materials are 
to be used effectively, complete information on their physical and mechanical 
properties as well as a detailed understanding of their structural performance 
under loading are critical. While a number of theoretical equations have been 
developed to estimate the mechanical properties of pultruded composite profiles 
(Barbero et al. 1991; Nagaraj & GangaRao 1997; Omidvar 1998), these models 
require accurate information on the processing details, such as the properties of 
fibre and resin, the volume fraction of the fibre, and the composition of the 
laminate, which, most of the time, is not available. Moreover, several researchers 
(Davalos et al. 1996; Manalo et al. 2012; Roberts & Masri 2003) have indicated 
that the results from a theoretical evaluation may not always agree with 
experimental values since the fibres themselves exhibit some degree of 
anisotropy, and fibre properties are very sensitive to fabrication conditions. 
Therefore, it is generally preferred to determine the material properties of 
pultruded FRP sections experimentally and not to rely only on theoretical 
models. These tests should be designed to accurately account for the complex 
internal structure of the composite and/or the variation of the mechanical 
properties within the element, to achieve realistic design properties. While 
several standards suggest determining the mechanical properties from tests using 
coupons specimens, full-scale testing is recommended to obtain the effective 
flexural and shear rigidities of an FRP composites section, which in turn are very 
important in the design and performance evaluation.  
In most applications, the design of structures utilising GFRP composite materials 
is governed by deflection and buckling limitations instead of strength, due to 
their relatively low elastic modulus and thin-walled section (Ascione et al. 2013a; 
Neto & Rovere 2007). Thus, several researchers have filled the FRP profile with 
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concrete to create a stiffer structure. The FRP tubes, in this system, provide a 
corrosion resistant element, lateral and longitudinal reinforcement, and 
lightweight permanent formworks, in addition to confining the inner concrete 
core. On the other hand, the concrete core prevents the local buckling failure of 
the section. The effectiveness of this system as compressive members has been 
demonstrated by several researchers (Abouzied & Masmoudi 2013; Idris & 
Ozbakkaloglu 2013; Mohamed & Masmoudi 2008; Mohamed & Masmoudi 
2010c; Teng et al. 2007; Vincent & Ozbakkaloglu 2013; Zhu et al. 2006) with 
some studies conducted to investigate its application as flexural members (Fam et 
al. 2003; Fam, Schnerch, et al. 2005; Fam & Skutezky 2006; Mohamed & 
Masmoudi 2010b, 2010a). In those studies, the concrete was utilised to fill the 
composite section completely in order to improve stiffness and capacity. In 
addition, most of the research has focused on using high compressive strength 
concrete infill. However, the cost of high strength concrete infill does not justify 
the enhancement in the stiffness and the strength capacities of the GFRP infilled 
beams. Therefore, there is a need to investigate the performance of GFRP section 
filling with different concrete types, including low compressive strength 
concrete, with a view to determine an optimal concrete filling for GFRP tubes.     
The light weight of FRP composites is a key advantage in the replacement work 
of bridge girders that no longer meet today’s requirements, without creating 
additional load on the existing piers. Many researchers have proven that concrete 
infill stabilizes the thin-walled sections of FRP pultrusions (Fam et al. 2003; Fam 
& Rizkalla 2002; Mohamed & Masmoudi 2010a). However, filling the 
composite section completely with concrete is not optimal for applications 
governed by bending due to formation of tensile cracking of the concrete, which 
makes a negligible contribution to its bending resistance. Moreover, this method 
diminishes the lightweight characteristics of FRP sections. As a result, a number 
of researchers has created a void in filled concrete near the tensile zone to reduce 
the excess weight (Fam et al. 2003; Fam, Schnerch, et al. 2005). Their results 
indicated that providing a concentric void using a GFRP hollow tube improved 
the strength by 7% more than that of a fully-filled beam. Furthermore, the 
strength increased by 39% compared with a fully-filled beam when the inner 
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GFRP hollow tube was shifted towards the tension side. This idea was further 
extended by Idris and Ozbakkaloglu (2014) when they investigated the flexural 
behaviour of a double skin tubular beam, which consists of an FRP – high 
strength concrete – steel section. Their results showed that the composite beam 
exhibited excellent flexural behaviour with a high inelastic deformation. 
However, due to the high cost of the manufacturing die, pultruded GFRP tubes 
are produced in specific cross-section dimensions only. As a result, these sections 
are  not applicable for use in high load applications nor do they comply with the 
serviceability requirements. Thus, a number of pultruded GFRP sections can be 
assembled by gluing them together appropriately to produce a larger structural 
section. 
Several studies have developed a number of theoretical models to predict the 
behaviour of FRP composite beams. These studies employed Classical 
Lamination Theory (CLT) together with Fibre Model Analysis (FMA), which is  
based on strain compatibility and force equilibrium to predict the moment 
capacity and load-deflection behaviour of composite beams (Davalos et al. 1996; 
Davol et al. 2001; Fam, Mandal, et al. 2005; Mohamed & Masmoudi 2010a; 
Nagaraj & GangaRao 1997). However, these models ignore the effect of the 
shear deformation and premature local buckling failure, both of which have a 
significant effect on the actual behaviour of the composite beam. Thus, it is 
important to develop a general theoretical model capable of predicting the 
flexural behaviour of single and multi-celled pultruded GFRP hollow and filled 
sections.   
In this study, a proper method of characterizing the mechanical properties of a 
full-scale pultruded glass fibre reinforced polymer (GFRP) composites section 
was determined. These pultruded beams were then filled with concrete with 
different compressive strengths to determine the effect of concrete filling on the 
structural behaviour, and to identify a practical concrete filling for GFRP tubes. 
A number of the GFRP tubes were glued together, and termed “multi-celled 
GFRP beams”, to evaluate the effect of filling the top cell with concrete on the 
strength, the failure mode and the stiffness of the beams. A simplified model, 
accounting for the compressive buckling and shear stresses in GFRP beams, was 
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also proposed. A parametric investigation to evaluate the effect of the number of 
cells, shear span-to-depth (a/d) ratio, and number of cells to be filled in the 
“multi-celled GFRP beams”, was also conducted. The results of these studies 
provide a more detailed understanding of the behaviour of pultruded GFRP 
sections, thereby enabling their effective usage in construction and civil 
engineering applications. 
 Research objectives 
The main objective of this study is to evaluate the structural behaviour of multi-
celled composite beams made by gluing a number of pultruded GFRP sections, 
and filled with concrete, through experimental and theoretical investigations. The 
specific objectives are the following: 
1. To evaluate a suitable test method for characterisation of the mechanical 
properties of full-scale GFRP tubes;  
2. To study the effect of compressive strength of concrete infill on the 
flexural behaviour of pultruded GFRP beams; 
3. To investigate the flexural behaviour of multi-celled GFRP beams with 
concrete infill; and  
4. To develop a simplified theoretical model for predicting the flexural 
behaviour of multi-celled GFRP beams with concrete infill. 
 Scope and limitations 
The study focused on understanding the flexural behaviour of multi-celled GFRP 
composite beams under a four-point bending test. The composite beams were 
made from pultruded GFRP square sections (125 mm x 125 mm x 6.5 mm 
thickness) manufactured by using E-glass fibre reinforcement and vinyl ester 
resin. The study included experimental and theoretical investigations associated 
with the proposed multi-celled GFRP filled beam. The scope of the study is 
summarised below: 
a. The elastic properties of GFRP tubes were evaluated, using full scale beam 
with different shear span to depth ratios (a/d), and tested under four-point 
bending. In addition, understanding the behaviour of hollow pultruded 
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GFRP beams at different a/d ratio was necessary to identify possible 
failure modes that would hinder the full utilisation of these profiles.  
b. The feasibility of using low strength concrete as a practical infill for the 
pultruded GFRP tubes, in order to produce a durable, strong and stiff 
structural beam, was assessed. Five single cell beams and six multi-celled 
beams were tested under four-point static bending. The tests were used to 
investigate the effect of concrete strength on the flexural behaviour of 
GFRP beams. 
c. The performance of the multi-celled GFRP beams was evaluated to 
identify the possible mode of failure of the bonded beams. The 
experimental program was designed to investigate the effect of the number 
of cells and concrete filling on the flexural behaviour of multi-celled 
beams.   
A simplified theoretical model was developed to predict the failure load of the 
single and multi-celled GFRP beams with and without concrete infill. The model 
used was based on the maximum stress method, accounting for the combined 
effect of shear and flexural stresses. The model was then used to predict the 
failure load of beams with different numbers of cells, shear span-to-depth (a/d) 
ratios and number of cells filled. 
 Outline of the thesis  
This thesis consists of seven main chapters including this introduction, which 
presents the research significance, scope and the objectives of the research 
project. 
Chapter 2 presents the background information on FRP composite in general. In 
addition, it includes a critical review of the literature concerning the previous 
work done on the pultruded GFRP tubes, which reports on the available 
characterisation methods, the use of GFRP tubes, the possible failure mode, the 
flexibility of assembling GFRP tubes, and the available analytical methods. 
Chapters 3 to 6 present four major studies, which address the specific 
objectives. The results of each study were presented and published in high 
quality journals. The details of these manuscripts are listed below: 
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span-to-depth ratios. Journal of Composite Materials. Vol.50, Issue 21, pp. 
2925-2940. (IF:1.24, SINP:1.17) 
 Paper II: Muttashar M, Manalo A, Karunasena W, Lokuge W. (2016). 
Influence of infill concrete strength on the flexural behaviour of pultruded 
GFRP square beams. Composite Structures. Vol.145, pp. 58-67. (IF:3.318, 
SINP:2.48) 
 Paper III: Muttashar M, Manalo A, Karunasena W, Lokuge W. (2017). 
Flexural behaviour of multi-celled GFRP composite beams with concrete 
infill: Experiment and theoretical analysis. Composite Structures. Vol. 
159, pp. 21-33. (IF:3.385, SINP:2.12) 
 Paper IV: Muttashar M, Manalo A, Karunasena W, Lokuge W. 
Prediction model for flexural behavior of pultruded composite beam 
assembly with concrete infill. Journal of Composites for Construction, 
(Under review, Submitted on 10 May 2017: IF: 2.5 and SINP: 1.702). 
Ref. No.: CCENG-2202. 
In addition to the listed journals, the major outcomes of this research were 
presented in related national and international conferences, which are 
summarised in Appendix A. the copyright information of the published articles 
are given in Appendix D. 
The first specific objective of this study is to evaluate proper experimental 
methods to characterize the mechanical properties of GFRP tubes, which has 
successfully been accomplished and the outcomes were presented in Paper I. The 
elastic material properties were determined by conducting a full-scale test of 
pultruded GFRP sections with different shear span-to-depth (a/d) ratios under 
four-point bending. Two analysis techniques, using the graphical (simultaneous) 
and back calculation methods, were employed to evaluate the elastic properties 
and compare them with the results of the coupon test. The beams were tested up 
to failure to determine their capacity and failure modes. The effect of shear was 
analysed considering different a/d ratios. The measured bending and shear 
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modulus from the full-scale test was found reliable, and in Papers II to IV it was 
found that it can predict accurately the behaviour of GFRP sections. Furthermore, 
the results suggested that the flexural behaviour of hollow GFRP beams is highly 
affected by the premature local failure of the compression flange, which can be 
prevented by concrete infill. Thus, the beams were filled with concrete and their 
behaviour was evaluated in Paper II.   
Paper II also addressed the second specific objective of the study. The paper 
presents the effect of the infill concrete strength on the flexural behaviour of 
GFRP beams. Hollow and filled beams were tested under four-point bending 
until failure. The load-deflection behaviour, strain response, and failure mode of 
the beams were examined. The behaviour of filled beams was then compared 
with their hollow counterparts in order to evaluate the effect of concrete filling 
on their strength and stiffness. The results of this study show that using low 
strength concrete as infill materials for GFRP tube is an effective and practical 
solution to improve the strength and stiffness of the filled beams. The results also 
highlight that due to the tension cracking of the concrete, filling the entire beams 
section with concrete is not optimal for applications governed by bending. In 
addition, this concept diminishes the lightweight characteristics of GFRP 
composites. This then led to a question about the suitable concept of combining 
GFRP tubes and concrete to produce a beam, developing good flexural properties 
and maintaining lightweight characteristics of GFRP composites. The available 
concepts are reviewed in Paper III and a combined section is proposed.    
The third specific objective, the flexural behaviour of multi-celled composite 
beams filled with concrete, is achieved in Paper III. Initially, the effect of gluing 
the GFRP tubes together was determined. Then, the effect of filling the section 
with concrete was studied. The flexural behaviour and the failure mode were 
thoroughly investigated. The effect of the number of cells, partial filling, and 
concrete compressive strength were discussed. The results of the extensive 
experimental program have demonstrated that gluing the GFRP tubes improved 
the flexural performance of the sections. In addition, filling the section with 
concrete at the top-most tube prevented the local failure of the section and 
effectively increased its strength and stiffness. The study identified several 
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factors affecting the overall behaviour of multi-celled beams, which are 
presented in Paper IV.  
The last and fourth specific objective of this study is to develop a general 
theoretical model to predict the behaviour of single and multi-celled GFRP 
beams, which has been successfully addressed in Paper IV. The theoretical 
model to predict the failure behaviour and failure load single and multi-celled 
beams, which was developed in Papers I to III, was generalised to account for 
the effects of different a/d ratios, filling percentages, and the number of filled 
cells. The model was verified using the available experimental results in the 
literature and showed a very good agreement. It was determined that the failure 
of single cell beams are governed by combined shear and bending, while the 
multi-celled beams failed due to bearing. Similarly, the behaviour of multi-celled 
beams filled with concrete is governed by either the bearing failure of hollow 
cells under the concrete-filled cells, or web buckling of the top-filled cell. 
Furthermore, filling the top cell only with concrete is more effective for the 
structure application, in terms of increase in the strength-to-weight ratio and 
stiffness-to-weight ratio of the partially filled beams.  
Chapter 7 presents the conclusion that summarizes the main findings of the 
study and suggests recommendations for future work. 
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 Chapter 2:            
     LITERATURE REVIEW  
 Introduction  
Fibre reinforced polymer (FRP) composite materials are mainly made from a 
combination of fibres and polymers (matrix). The fibre is the load carrying 
element, which controls the stiffness and strength characteristics of the composite 
materials. The matrix on the other hand, protects and supports the fibres as well 
as transfers the local stresses from one fibre to another. Since 1940, FRP 
composite materials have been developed for use in the defence and aerospace 
sectors due to their advanced properties (Alampalli et al. 1999). In the mid-
1980s, the desire by engineers to use FRP composites as structural materials 
started due to a need for durable, high strength, lightweight, and high stiffness 
materials, which could replace the more conventional materials in different 
environments (Hollaway 2010). As the need for aggressive infrastructure renewal 
became increasingly evident in the developed world, the pultrusion method was 
recognized as an effective production technique to manufacture different types of 
FRP structural shapes (Hollaway 2010). This manufacturing method produced 
FRP materials for the construction of new infrastructure, or for rehabilitation and 
replacement of existing structures, at a more reasonable cost.  
This chapter gives an overview of the existing applications of GFRP composite 
in the construction industry. It also reviews the available characterization 
methods with the aim of finding a suitable method to determine the mechanical 
properties of GFRP profiles. This chapter further presents important information 
about the available concepts to overcome the challenges related to the premature 
failure of GFRP composite tubes. Moreover, it highlights the need for 
maintaining the lightweight characteristics of FRP composites. Finally, the 
research on the available analytical models, used to predict the behaviour of the 
GFRP composite beams, is reviewed and the necessary background is provided 
on the need to develop a general analytical model.  
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 Applications of pultruded GFRP sections in civil engineering 
FRP composite materials have been used effectively in structural engineering 
applications (Gand et al. 2013). In the early 1980s, the magnetically neutral 
properties were the key factor in the use of FRP profiles in the computer and 
electronics industry for Electromagnetic Interference (EMI) test laboratories. A 
single-story gable frame building was constructed in Virginia, USA, which is 
considered as the first large structure constructed from FRP composites (Bank 
2006b). In 1999, a Swiss composite company called Fiberline Composite 
constructed a prototype multi-storey frame building, named the Eyecatcher 
building, which is shown in Figure  2.1. The construction of this building 
confirmed the potential use of FRP profile shapes in the construction industry 
(Keller 1999). Another important development in using FRP profiles in building 
systems was in the cooling tower industry. In the 1980s, Composite Technology 
Inc. developed an FRP building system for Ceramic Cooling Tower (CCT) and 
commercialized it as the unilite system (Bank 2006b). This system consisted of a 
variety of unique FRP pultruded components such as beams, columns, and 
panels, as shown in Figure  2.2. 
 
Figure  2.1 Eyecatcher building (Keller 1999) 
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Figure ‎2.2 FRP cooling tower (Bank 2006a) 
In the field of bridge engineering, the light weight and corrosion resistance of the 
FRP components make them more attractive as bridge elements. Due to these 
superior properties, in addition to their ease of fabrication and installation, many 
pedestrian FRP bridges were constructed in less accessible and environmentally 
restrictive areas without having to use heavy equipment (Hollaway 2010). The 
Lleida footbridge, which was constructed near L1eida in Spain, as shown in 
Figure  2.3, utilized all FRP elements (Gand et al. 2013). This pedestrian bridge 
was constructed on a 38 metre span and consisted of a double-tied arch made of a 
rectangular hollow FRP cross-section. In 1992, the first cable-stayed pedestrian 
bridge was developed in the UK and was constructed in Aberfeldy, Scotland, as 
shown in Figure  2.4. GFRP decks and a tower, as well as the aramid cables, were 
the main structural components of the bridge. The durability performance of the 
bridge over 20 years of service has been very satisfactory (Stratford 2012). In 
1997, another cable-stayed pedestrian bridge with a span of 40.3 metres was 
constructed across a railway line, using all FRP profiles, in Kolding, Denmark 
(Bank 2006b). The use of FRP shapes in the construction of those bridges has 
enabled rapid and economical construction. A completed boardwalk project was 
constructed using pultruded FRP tubes by an Australian manufacturer, Wagners 
Composite Technologies Ltd, as shown in Figure  2.5. The boardwalk was 
installed in Brisbane, Australia. Considering their long life span, low 
maintenance, and quick and easy installation, Wagners have supplied FRP 
pedestrian bridges all across Australia. Figure  2.6 shows a footbridge fabricated 
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from pultruded FRP tubes and installed at the Port of Airlie, Queensland, in 
2012. 
Figure  2.3 The all-FRP Lleigh Footbridge, city of Lleida, Spain (Gand et al. 
2013) 
Figure  2.4 Composite decking section footbridge in Aberfeldy, Scotland. 
(Stratford 2012)  
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Figure  2.5 Boardwalk bridge using pultruded FRP tubes by Wagners Composite 
Technologies Ltd, Australia (http://www.compositesworld.com) 
 
 
Since 1990, a number of FRP manufacturers have attempted to develop an FRP 
bridge deck system (Bank 2006b). A decrease in dead weight is considered to be 
the main advantage of using an FRP bridge deck system to replace a deteriorated 
reinforced concrete deck. Thus, the live load capacity for the replaced structure 
can be increased. In 2001, the Strongwell Corporation, Virginia, developed an 
FRP pultruded deep double web beam (DWB) to be used in bridge construction, 
as shown in Figure  2.7 (Hayes & Lesko 2007). The beam was composed of E-
glass and carbon fibre in a vinyl ester resin. The FRP beams were also used to 
replace timber beams in a rehabilitation project on Tom’s Creek Bridge in 
Blacksburg. In 2013, Wagners Composite Technologies Ltd built the Baoi 
Figure  2.6 Footbridge fabricated from pultruded FRP tubes, Port of Airlie, 
Australia (http://www.wagners.com.au) 
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Bridge in Mossman, Australia, which was considered to be the largest full 
composite bridge in Australia (Figure  2.8). The span of the bridge is 35 metres 
with a width of 7 metres; the bridge is a fully supported composite structure, 
which was designed to carry an axial load of heavily-laden cane trucks and 
agricultural equipment.  
In the design and construction of the abovementioned composite structures, the 
importance of having a detailed understanding of mechanical properties of FRP 
materials was highlighted. In the next section, the available methods to determine 
the mechanical properties of FRP composites are evaluated. 
 
 
  
Figure ‎2.7 FRP DWB girders on Dickey Creek Bridge (Hayes & Lesko 2007) 
Figure ‎2.8 Baoi Bridge in Mossman, Australia. 
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 Characterization of FRP composites 
Complete information on the mechanical properties of FRP material is important 
for the safe and reliable design of composite structures. Basically, there are two 
methods to determine the mechanical properties of an FRP composite. The first is 
the theoretical method, which depends on the individual properties of the matrix 
and the fibres. The second is the experimental method that takes into account the 
overall composite behaviour of the FRP. In both methods, one of four levels can 
be used to characterize an FRP composite material. These levels are: (1) fibre 
level, (2) lamina level, (3) laminate level, and (4) structure level, as shown in 
Figure  2.9. The common methods of characterising the mechanical properties of 
FRP composites are presented in detail in the sections that follow. 
 
2.4.1 Theoretical method 
The mechanical properties of FRP composites can be theoretically predicted from 
the properties of its constituent materials. The physical and mechanical properties 
Figure ‎2.9 Levels of consideration and the corresponding types of analysis for composite 
materials (Kollár & Springer 2003) 
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of the composite are strongly influenced by the amount and properties of the 
fibres and the matrix. The first level of analysis is called the fibre level, also 
known as Micromechanics. It deals with the state of deformation and stress of the 
constituents and the interactions between them. In the micromechanics model it 
is assumed that the fibre and the matrix are made up of homogeneous, isotropic 
and linear elastic material. The micromechanical level of analysis is important in 
the study of failure mechanisms, strength and fracture toughness. It is also used 
to predict the behaviour at the lamina level as a function of constituent properties. 
The accuracy of using the fibre level to predict the properties of an FRP 
composite highly depends on the mechanical properties of the fibre and matrix 
constituents. However, there is no standard format for providing suitable property 
data of these materials (Bank 2006b) 
A lamina is a single ply of a planar FRP composite in which the fibres are 
aligned in one direction in a matrix. It is also called a unidirectional ply. It is 
considered to be orthotropic material with its principal material axis defined as 1, 
2, and 3, as shown in Figure  2.10. The composite in this level is considered 
homogenous and anisotropic material where average properties are used in the 
analysis. This type of analysis is called macro-mechanics level analysis. At this 
level of analysis, the unidirectional ply is assumed to be a two-dimensional plate 
with very small thickness compared with its in-plane dimension. In 
characterizing the behaviour of FRP composites, unidirectional ply plays a key 
role because it represents the basic building block to calculate the properties of 
laminate (a stack of lamina). 
Figure ‎2.10 Principle coordinate axis of unidirectional lamina 
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Composite materials are constructed from a stack of arbitrary oriented lamina to 
form multidirectional laminate. At the laminate level of analysis, the laminate is 
designated in a manner representing the number, type, orientation, and stacking 
sequence of the ply. The behaviour of multidirectional laminate totally depends 
on the properties and the stacking sequence of its individual layers. The so-called 
classical laminate theory (Bert 1989) is used as a first approximation to predict 
the behaviour of the laminate.  
In analysing a structural level, several studies were conducted to develop 
micromechanical simulations to predict the flexural and shear modulus properties 
of full-scale pultruded beams (Barbero et al. 1991; Nagaraj & GangaRao 1997; 
Omidvar 1998). Similarly, Davalos et al. (1996) conducted a comprehensive 
analytical program for the analysis of pultruded FRP shapes under bending. They 
developed a computer program to carry out the analysis of FRP beams from the 
evaluation of ply stiffness through micromechanics, to the overall member 
response through the mechanics of laminated beam model. These researchers 
have highlighted that the accuracy of the theoretical models depends mainly on 
the individual properties of fibres and resin, the fibre volume fractions, and the 
composition of laminates (Bank 2006b). However, the distortional effects such as 
shear-leg, warping, and buckling, which are particularly important for the design 
of thin-walled FRP sections, most of the time cannot be predicted accurately 
through theoretical evaluation. Numerous researchers have therefore focused on 
developing effective experimental methods to accurately determine the 
mechanical properties of the composite materials and to capture the complex 
behaviour of composite materials 
2.4.2 Experimental methods 
Many experimental methods have been developed to accurately determine the 
properties of composite materials due to the complexity of the failure mode of 
FRP profiles. The material characterisation can be conducted using coupon or 
full-scale specimens, which are discussed in the next sections. 
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2.4.2.1 Coupon test 
Coupon specimens are normally cut from the fabricated FRP composites part. 
Both lamina and laminate levels can be evaluated through coupon tests, using 
small specimens cut from various directions of the FRP profiles. Several 
researchers have conducted experimental investigations using coupon specimens 
to determine the mechanical properties of composite materials (Davalos et al. 
1996; Roberts & Masri 2003). The results show that the flexural and torsional 
properties can be determined using coupon test; however, the results were 
significantly influenced by localised deformation at the supports. Although a 
number of standard tests were developed based on coupon specimens, several 
important stiffness and strength properties, such as tensile strength, shear 
strength, and rotational strength of web-flange junction have to be determined 
without recourse to standardized test methods (Bai 2013). The implementation of 
non-standardized methods in characterizing the properties of FRP composites 
results from the effect of the failure mode of these materials, especially for FRP 
profiles. The final failure is generally governed by localized cracking and/or 
separation of one or both flanges from the web. Furthermore, there are limited 
test methods and equipment to determine the properties of thick composites using 
coupon tests (Manalo et al. 2012). Due to the limitations in the transverse 
direction dimension of the common FRP composite profiles, many of the 
available test standards are not applicable for determining their properties 
(Cardoso et al. 2014). Due to the fact that the design of pultruded profiles are 
often controlled by serviceability and buckling limitations, the bending, 
transverse shear, and torsional rigidity of the full section are required in the 
design. While these properties can be predicted using theoretical methods, this 
involves many assumptions relating to the geometry of the profiles, homogeneity 
and anisotropy. These assumptions generally result in an underestimation of the 
mechanical properties of the FRP composites. Thus, full-section testing is a 
preferred method to determine effective properties of FRP profiles. 
2.4.2.2 Full scale test 
Small scale coupon tests, using samples fabricated under laboratory conditions, 
cannot predict the structural behaviour of large scale FRP composite elements 
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reliably. Furthermore, the strength and stiffness properties of FRP materials are 
location-dependent within the cross section, due to the heterogeneity and 
anisotropy characteristics of composite materials. In addition, the complex 
internal structure and/or the variation of the mechanical properties of FRP 
composites within the element itself result in a complicated design process of 
these materials (Muttashar et al. 2015). 
One major feature of composite materials, which affects its structural behaviour 
is its relatively low elastic modulus. Similarly, the low shear modulus of FRP 
composites results in an increased shear deformation as a percentage of the total 
deformation, which cannot be captured from coupon tests. Thus, several 
researchers (Bank 1989; Nagaraj & GangaRao 1997) have used full-scale 
pultruded FRP beams to account for the shear deformation on the overall bending 
stiffness. Consequently, they developed standard tests to determine the flexural 
and shear rigidities. By using full-scale testing, some researchers (Bank 1987; 
Omidvar 1998) studied the shear coefficient of thin-walled FRP beams, while 
others (Bank et al. 1995; Barbero & Raftoyiannis 1993; Davalos & Qiao 1997; 
Mottram 1992; Turvey 1996; Zureick & Scott 1997) have reported that flexural 
buckling, flexural-torsional buckling, lateral buckling, and local buckling are the 
main modes of failure of FRP pultruded profiles.  
Three or four-point bending tests are the most widely used full-section tests 
whereby the effective longitudinal modulus is determined from load and mid-
span displacement data. Guades et al. (2014) conducted an experimental 
investigation to determine the mechanical properties of pultruded GFRP sections 
using coupon and full-section data. They reported that the results from coupon 
tests are relatively higher than full scale results, regardless of the type of test. 
They concluded that local buckling of the thin wall and the shear deformation 
might be the reason for these differences. Bank (1989) and Neto and Rovere 
(2007) conducted experimental test using different span-to-depth ratios and 
measured the bending rigidity (EI) and the shear rigidity (GA) of a profile section 
simultaneously. They concluded that to minimize the effects of the shear 
deformation, the shear span-to-depth ratio should be at least 20 for the tested 
beams. The simultaneous method that was developed by those authors has since 
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been used by a number of researchers and has become an important method to 
obtain the required properties that can be used in the design. These studies have 
highlighted that the determination of the accurate mechanical properties of the 
FRP materials is critical to the effective design and widespread use of these 
materials in civil engineering and construction. 
 Instability and failure modes of GFRP beams 
A detailed understanding of the different failure modes of pultruded GFRP 
profiles is important for their effective usage in civil infrastructure and 
construction. This section reviews common failure modes of GFRP sections 
2.5.1 Lateral buckling 
The low in-plane modulus and thin-walled geometry of conventional pultruded 
GFRP profiles make these composites susceptible to lateral and local buckling. 
In terms of lateral buckling, the stability becomes a main concern due to its 
slenderness (Lee 2006). The lateral buckling of composite beams has been 
demonstrated in numerous studies (Ascione et al. 2011; Kabir & Sherbourne 
1998; Lee 2006; Lee et al. 2002; Lin et al. 1996; Lofrano et al. 2013; Sherbourne 
& Kabir 1995). This type of failure commonly occurs in open-section flexural 
members, loaded by transverse loads. This failure occurs when the section 
reaches its critical lateral-torsional buckling load, which results in the flange 
displacing laterally, relative to the transverse load direction that twists the web, 
causing the entire beam to move out of its vertical plane, as shown in 
Figure  2.11. Kabir and Sherbourne (1998) conducted an analytical study on the 
lateral-torsional buckling of an I section of composite beams, using the Rayleigh-
Ritz method. They also studied the effect of shear strain on the lateral stability of 
thin-walled composite beams (Sherbourne & Kabir 1995). They concluded that 
for a slender beam section, under transverse loading, the failure modes approach 
to interactive buckling would result in elastic behaviour with a sudden drop in the 
section capacity. In addition, they mentioned that the shear strain had a 
remarkable influence on reducing the lateral stability strength for short spans. Lin 
et al. (1996) developed a finite element program for the buckling analysis of thin-
walled pultruded FRP structural members. They concluded that the buckling load 
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for members subjected to transverse load and/or bending moment was 
significantly affected by the shear strain, if the buckling mode was lateral 
buckling. Lofrano et al. (2013) performed a numerical investigation on the 
stability of open thin-walled composite beams. They reported that the proposed 
numerical technique was able to investigate the stability of these sections. Lee et 
al. (2002) and Lee (2006) developed a one-dimensional finite element model to 
study the lateral buckling for an I section. They reported that the lateral buckling 
capacity of the beams is significantly affected by the span-to-height ratio and the 
location of the applied load, as well as the fibre orientation. The results show that 
the lateral-torsional effect was increased by 170% with the decrease of span-to-
height ratio, which might result in an ineffective utilisation of the design capacity 
of the composite materials. All reported literature highlighted the effect of lateral 
buckling on the capacity of thin-walled composites with open cross sections. 
However, they mentioned that torsional resistance of a closed cross section tube 
is much higher than that of an opened section, which results in the lateral-
torsional buckling not likely being a critical issue for a composite tube. 
 
2.5.2 Local Buckling 
The effect of local buckling plays an important role in the design of thin-walled 
FRP composite members. Several experimental studies on this topic have 
demonstrated a reasonable influence of local buckling on the failure load 
(Barbero & Raftoyiannis 1993; Pecce & Cosenza 2000; Turvey & Zhang 2006). 
The results of these research studies have shown that the separation of the 
Figure ‎2.11 Lateral-torsional buckling of an I-shaped pultruded profile (Correia et al. 
2011) 
 23 
 
compression flange from the web, once the compression flange buckled 
elastically, is the typical mode of failure in pultruded I beams and box sections. 
This type of failure is the main reason for bending, and combined shear and 
bending, failures. Because of the local buckling failure, GFRP beams show 
limited ductility behaviour which results in brittle failure. Figure  2.12 shows the 
local buckling of the compression flange of a wide-flange pultruded section 
under a transverse load (Bank & Yin 1999). This buckling is then followed 
immediately by in-plane buckling of the thin-unsupported web, which results in 
the final failure of the section, as shown in  Figure  2.13 (Bank 2006b). Mottram 
(1991) conducted experimental work on 23 pultruded box sections under three 
point bending with different spans. Two modes of failure were reported in his 
study. For long-span sections, which a span-to-depth ratio of above 17.7, 
compression flange buckling (bending failure) was found to be the ultimate mode 
of failure. Consequently, by assuming this mode as the final mode of failure, the 
predicted ultimate bending load for the beams was close to the experimental load. 
On the other hand, for short span beams with a span-to-depth ratio of less than 
11.9, the experimental results indicated that the bearing area of the applied load’s 
nose into the fibre reinforced composite had an important effect on the resistance 
and mode of failure of short-span box beams.  
To gain a complete understanding of the structural behaviour of pultruded 
profiles, and considering the buckling failure as one of the main modes of failure, 
analytical methods were developed to predict the buckling capacity of FRP 
composite sections (Ascione et al. 2013a, 2013b; Bank & Yin 1999; Bank et al. 
1995; Kollár 2003; Pecce & Cosenza 2000). Bank et al. (1995) reported that the 
prediction of the local buckling loads in pultruded FRP beams, subjected to 
flexural loading, was affected by the non-linearity in the experimental data and 
by the anisotropic and inhomogeneous material properties of the beams. Ascione 
et al. (2013a), Ascione et al. (2013b) and Pecce and Cosenza (2000) concluded 
that shear deformability of the composite materials had a significant effect on the 
prediction of the local buckling load. Among all the analytical methods, Kollár 
(2003) proposed an approximation method to obtain closed-form equations for 
buckling of different pultruded profiles, including I, box, channel, and Z-shaped 
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sections. The results show very good agreement with test results of pultruded 
profiles and finite element analysis. Furthermore, Kollar’s method has the 
capability to differentiate between flange buckling in beams subjected to flexural 
loads, and flange buckling in columns subjected to axial loads, due to the 
assumption of the web restraint, which is given as a function of the end condition 
of the restraining plate (Bank 2006b). In fact, due to local buckling failure, 
pultruded FRP profiles failed at 50% of their design capacities (Guades et al. 
2014). 
 
 
2.5.3 Delamination and shear 
Bond, or composite action, between the fibres and the matrix is another factor 
affecting the mechanical performance of FRP composite materials. The de-
bonding between the two plies of a laminated composite structure is known as 
delamination. Delamination occurs when the applied stresses exceed the inter-
Figure ‎2.12 Local buckling of the compression flange of wide-flange pultruded section 
transversely loaded (Bank & Yin 1999) 
Figure ‎2.13 Final failure of the wide-flange pultruded section (Bank 2006a) 
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laminar shear strength of the section, which is normally low for pultruded 
laminates (Bai et al. 2009). On the other hand, it might occur when the thin resin 
layer is subjected to extensive in-plane and out-of-plane stresses (Fenske & 
Vizzini 2001). An example of the delamination failure of an FRP bridge deck is 
shown in Figure  2.14 (Keller & Schollmayer 2004). Due to large deformation, 
shear has a significant effect on the delamination failure (Bai et al. 2009).  
Turvey and Zhang (2006) conducted an experimental investigation on the shear 
failure strength of glass reinforced polymer wide flange (GRP WF) profiles. 
They reported that the shear strength at the web-flange junction is only one-
seventh of the shear strength of web or flange material. As a result, they 
concluded that failure often occurs at the web-flange junction due to shear and 
delamination. Furthermore, shear failure occurred first in the central roving layer 
along the length of the section prior to the buckling of the profile. Bai and Keller 
(2009), on the other hand, conducted a theoretical investigation to analyse the 
geometric and mechanical conditions for pultruded GFRP profiles subjected to 
axial compression, which could lead to shear failure prior to compression failure. 
It was found that shear failure can occur prior to compression failure in a 
pultruded GFRP profile subjected to compression, due to a low shear-to-
compression strength ratio. In this regard, different failure criteria were 
developed to predict the failure strength of FRP composites, such as Maximum 
Strain or Stress, the Tsai-Wu interaction, or Hashin Criteria (Fenske & Vizzini 
2001). The maximum stress criterion suggests that delamination occurs when the 
maximum shear stress reaches the shear strength of the section (Bai et al. 2009). 
Fracture mechanics approaches were also used to describe the initiation of the 
delamination and its propagation (Marannano & Pasta 2007; Wang 1983; Wang 
& Zhang 2009; Zhang & Wang 2009). Hayes and Lesko (2007) conducted an 
experimental investigation to identify the failure mode of a full scale composite 
structural beam. They reported that even though the failure of the beam had the 
appearance of a delamination failure, the detailed analyses of their study did not 
confirm their hypothesized mode of failure. The results strongly suggested that 
compression failure in the top flange near a load patch was the main mode of 
failure. However, shear and delamination can reduce the flexural buckling load 
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by up to 10% (Roberts & Masri 2003). The critical analysis of the failure mode 
of FRP composites helps researchers and designers to propose new techniques to 
overcome these issues. Therefore, it is important to evaluate these techniques in 
order to validate their applicability as structural elements. 
 
 Flexibility in design from assembled pultruded tubes 
Two different configurations were proposed, either in the form of one pultruded 
section (hybrid profile) or a combination of different pultruded sections, to 
improve the stiffness of the section but still keeping its light weight 
characteristics. 
2.6.1 Hybrid profiles 
A 200 mm double-web subscale prototype composite beam was manufactured by 
Strongwell and implemented in the rehabilitation of Tom’s Creek Bridge, 
Virginia, as shown in Figure  2.15a (Hayes & Lesko 2007). Laboratory and filed 
tests were conducted to examine the service load deflection, girder strain, load 
distribution, degree of composite action, and impact factor. The results indicated 
a service load deflection of L/400 under moving loads, and a high factor of safety 
in the composite members against material failure. The results served as a 
baseline to develop a large double-web beam by the same company in 2002, as 
shown in Figure  2.15b (Schniepp 2002). Extensive testing and analysis were 
conducted at Virginia Tech. on the developed double-web beam (DWB) in order 
to use it in bridge construction. The main goal of this testing was to develop a 
structural design guide for the DWB. Bending modulus, shear stiffness, failure 
Figure ‎2.14 Delamination failure of FRP bridge deck (Keller & Schollmayer 2004) 
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mode, and ultimate capacity were the main outputs of the conducted tests. 
However, while the developed DWB showed good strength and stiffness, the 
compression failure mode of the carbon fibre plies in the top flange near the point 
of the applied load affected the design capacity of the beam. 
 
a) All dimensions in mm                           b) All dimensions in inches 
2.6.2 Built up sections 
Most of the composite manufacturers use industrialized processes to produce 
single units rather than continuous production processes. Several research studies 
have been conducted to bond the FRP composite parts, using epoxy resin 
adhesives to build up structural elements to be used in construction applications. 
Keller et al. (2004) conducted an investigation on beam girder, made of 
adhesively bonded pultruded fibre glass profiles and sandwich panels, as shown 
in Figure  2.16a. The experimental results showed that it was possible to produce 
a beam of 20 m length by using this design. The Wagners CFT company of 
Toowoomba/Australia developed an I-beam girder, using glass fibre composite 
(GFRP), in their effort to replace wooden bridge girders. Square pultruded 
profiles, plates, and pultruded angles were the main components of the beam’s 
cross-section, as shown in Figure  2.16b (Kemp 2008). The girder was tested 
under a four-point flexural test. The test results showed that the failure moment 
was 20% higher than the required moment, but the stiffness was 7% less than 
Figure ‎2.15 Double web beam (DWB) cross-section: a) 8 inches beam (Hayes & Lesko 
2007) b) 36 inches beam (Schniepp 2002) 
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required. Again however, the local buckling failure of the compression top flange 
of the section prevented the section from reaching its full capacity. Hejll et al. 
(2005) presented the manufacturing process and testing of a large scale hybrid 
composite girder as a part of the European-funded ASSET project, as shown in 
Figure  2.16c. The main outcome of the project was the ability to develop a 
complete bridge system using composite profiles. However, due to the cost and 
time limitations, the girder had not been tested up to failure. As a result, a 
complete understanding of the structural performance of the girder was not 
achieved. The combination of FRP tubes together helps to increase the stiffness 
and the strength capacity of the beam. However, local buckling still remains the 
main affecting factor in reaching the full capacity of the combined beams. Thus, 
an evaluation of the use of FRP composite with conventional materials like 
concrete is one of the solutions to reduce certain deficiencies and disadvantages 
in construction elements fully made of FRP (Aydin & Saribiyik 2013). 
 
 Enhancement of strength, serviceability and ductility by 
filling GFRP tubes with concrete 
Section 4 highlighted that the local buckling and delamination of the 
compression flange was the main mode of failure for FRP composite profiles, 
which prevented the full utilization of the superior properties of these advanced 
materials. Therefore, it is important to combine FRP tubes with other materials to 
Figure ‎2.16 Proposed girder using pultruded section: a) (Keller et al. 2004), b) (Kemp 
2008) and c) (Hejll et al. 2005) 
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improve their behaviour. In fact, it is well known by engineers that combining 
materials into a composite structural system increases the advantages of the 
properties inherent in each of its components. One of the classical examples of 
this is reinforced concrete, which combines a superior load carrying capacity of 
steel with the compression capability and low cost of concrete (Khalifa & Nanni 
2000). Similarly, innovative hybrid construction systems, which combine the 
FRP profile with conventional concrete, can produce light-weight, non-corrosive 
and inexpensive sections, which presents another example, shown in Figure  2.17 
(Ahmad et al. 2005; Khalifa & Nanni 2000). Similarly, the combination of FRP 
and concrete as a composite material enables them to take advantage of their 
superior properties. For instance, it improves their structural performance, not 
only by decreasing the dead load in terms of replacing the steel reinforcement by 
FRP, but also the FRP tube also provides a lightweight formwork for concrete, 
which acts as a non-corrosive reinforcement, reinforcement in the tension side, 
confinement of concrete in the compression side, shear reinforcement, and 
protection of the concrete core from aggressive environments, whereas concrete 
provides the compressive strength for the member and stability for the tube 
against lateral buckling (Hwang et al. 2000; Mohamed & Masmoudi 2010a). All 
these features make the composite system a possible alternative to reinforced or 
pre-stressed concrete to be used as column, piles and beams.  
Concrete-filled FRP tubular sections have emerged in beam applications due to 
their superior performance to carry axial loads, although the benefits of concrete 
confinement are less in the case of bending as compared to axially loaded 
members. The major advantages of concrete infill to FRP are the prevention of 
local buckling failure and the elimination of de-bonding failure and improving 
the ductility of the beams, which makes this system attractive (Fam & Rizkalla 
2002). Fam and Rizkalla (2002)  experimentally investigated the effect of 
concrete filling, cross section configuration, and a different laminate structure on 
the performance of composite beams by using circular FRP tubes with diameters 
ranging from 89 to 942 mm and spans ranging from 1.07 to 10.4 metres. The 
results showed that the flexural behaviour is dependent on the stiffness and 
diameter to thickness ratio of the tube, while the contribution of concrete 
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confinement to the flexural strength is insignificant. The strength gain was 250% 
for the FRP tubes in comparison to a gain of 50% for the steel tubes. The results 
also indicated that the ductility is greatly improved by filling the tubes with 
concrete. 
Another application of the composite tubes is using them as an alternative to steel 
spirals for concrete members. Fam et al. (2007) conducted an investigation to 
check the feasibility of using composite GFRP tubes as an alternative to steel 
spiral reinforcement in circular concrete members with longitudinal 
reinforcement. They used six beams with diameters ranging from 219 mm to 324 
mm and 2.43 m to 4.2 m long respectively. They reported that, unlike spiral 
reinforced beams in which the failure was governed by crushing and spalling of 
concrete cover, GFRP tubes confined a larger area of concrete and contributed as 
longitudinal reinforcement as well. As a result, members’ flexural capacity was 
increased by up to 113%. Mohamed and Masmoudi (2010b) and Mohamed and 
Masmoudi (2010a) observed the same behaviour when they performed an 
experimental 4-point bending test on 6 circular reinforced concrete filled FRP 
tubes and 4 reinforced concrete beams with a total length of 2000 mm. Their test 
results indicated that the beam confined by a FRP tube experienced lower 
deflection, higher stiffness and 55% higher strength than the beam reinforced 
with steel spirals. Furthermore, the results clearly show that the GFRP tubes 
increased the ultimate strength and improved the energy absorption of the filled 
beams. In the process of testing the feasibility of using concrete filled FRP tubes, 
Fam et al. (2007) investigated the behaviour of concrete filled rectangular 
filament-wound glass fibre reinforced polymer tubes (CFRFT) for structural 
members. Three beams (two totally filled and one partially filled with concrete) 
and five columns were tested. They reported that the CFRFT provided reliable 
and feasible structural members, that flexural strength is comparable to that of 
concrete filled steel tubes, and that the strength to self-weight ratio is enhanced 
by providing a void with a lower strength ratio of about 22 %, which is attributed 
to the different failure modes of the two beams. While the fibre type and section 
geometry are important factors affecting the flexural strength of the section, the 
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adherence between concrete and the FRP section is another factor influencing the 
final strength of the section.  
Aydin and Saribiyik (2013) discussed the flexural behaviour of GFRP produced 
with different configurations. Providing sand particles in the interior surface of 
GFRP using epoxy, and wrapping it with extra felt (FRP mat), were the main 
objectives of their study. They showed that the flexural capacity of these samples 
was increased approximately three times compared with hollow sections, and two 
times when compared with hybrid samples. Due to the fact that local failure is 
the main mode of failure of FRP sections, El-Hacha and Chen (2012) introduced 
a new type of hybrid beam which was made up of pultruded GRFP hollow 
section beams, strengthened with a layer of ultra- high performance concrete 
(UHPC) on the top, and a sheet of carbon FRP or steel FRP on the bottom of the 
section. They concluded that the flexural strength and flexural stiffness were 
increased by adding UHPC and CFRP/SFRP to the hollow section. However, the 
performance of the hybrid beam was limited by the characteristic material 
properties of the individual material components. Regardless of the advantages 
associated with filling FRP tubes with concrete, one major drawback of this 
design is losing the light weight feature, which represents the key reason for 
using FRP materials. In addition, for structural applications where the behaviour 
is controlled by pure bending, filling the tubes with concrete does not represent 
the optimal solution (Abouzied & Masmoudi 2015). Therefore, it is important to 
utilize the FRP composite in such a way within the structure that the benefit, in 
terms of mechanical and in-service properties and economics of the complete 
system, are clearly recognized. 
 
Figure ‎2.17 Existing Concrete filled GFRP tubes 
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 Maintaining the lightweight characteristics of FRP materials 
Combining an FRP section with conventional material is considered to be the 
best solution to make the best use of the materials, although a filled FRP section 
completely with concrete is not the optimal solution for applications that are 
governed by pure bending (Abouzied & Masmoudi 2015). This is due to the fact 
that in such applications the concrete section is cracked below the neutral axis. 
As a result, the concrete core slightly contributes to bending resistance and 
mainly prevents the local buckling of the tube. Therefore, the effective use of 
concrete to maintain the lightweight properties of the composite system is a 
crucial issue. Deskovic et al. (1995) proposed a novel hybrid beam design of a 
composite box section with a layer of concrete on top and a CFRP layer at the 
bottom of the section. The main concept of their design is to effectively and 
efficiently use material with high compressive strength and stiffness to cost ratio 
in the compression side, and use composite material with a failure strain less than 
that of GFRP in the tension side. The low strain materials will be the first 
element to fail, giving warning of an imminent collapse. Therefore, they used 
carbon fibre reinforced plastic (CFRP) for this purpose. In addition, due to the 
use of concrete in the compression zone, part of the cross section was designed to 
be a form work for the wet concrete. Figure  2.18a shows the proposed cross 
section for hybrid FRP concrete beam. The study also includes theoretical 
analysis, which considers the number of potential failure modes. Web buckling, 
flexural failure of beam’s elements, bond failure between the GFRP section and 
the concrete slab, and diagonal shear failure of the concrete slab were the 
observed modes of failure. The experimental results showed that de-bonding 
failure between the GFRP section and the concrete slab was the common mode 
of failure. It is the first study that highlighted the potential use of a hybrid 
composite section consisting of hollow GFRP sections and concrete slabs. 
However, it reports that the overall behaviour of the hybrid system depends 
mainly on the quality of the shear bond between the concrete and the GFRP 
profile. Canning et al. (1999) (Figure  2.18b), Van Erp et al. (2002) (Figure 18c) 
and Hulatt et al. (2003) (Figure 21d) all conducted experimental investigations on 
hollow GFRP sections with a thin concrete top layer, using similar concepts to 
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the one originally proposed by (Deskovic et al. 1995). In their design, they 
proposed to apply fresh concrete onto a water-based adhesive as the proper 
method to ensure full composite action taking place between GFRP and the 
concrete. The results highlighted that failure of the shear bond between the GFRP 
section and the concrete, and buckling of the composite web of the beam, were 
the significant modes of failure of these sections. In addition, in such a design the 
concrete is not fully confined, which decreases the possibility of taking 
advantage of its increased ductility and strength under confining stresses. 
Furthermore, they realized that the bond technique was impractical in the site.  
To address the debonding failure issues associated with the proposed concept, 
Khennane (2010) and Chakrabortty et al. (2011) have taken the idea and 
developed a novel configuration of a hybrid FRP-concrete beam. They developed 
a rectangular section using a pultruded GFRP composite profile, a CFRP 
laminate in the tension zone, and a concrete layer in the compression zone. The 
whole system was confined with an external filament winding wrapping with 
fibre orientated at ±45o, as shown in Figure  2.19. The experimental results 
showed that the proposed approch was successful. However, the beam did not 
achieve its ultimate capacity due to the premature shear punching failure of the 
concrete block. This failure subsequently resulted in tearing failure of the 
pultruded profile, followed by buckling of the unsupported walls. Idris and 
Ozbakkaloglu (2014) investigated the flexural behaviour of a new composite 
design known as double-skin tubular beams (DSTBs). This design consisted of 
an outer FRP tube and a central inner hollow steel section. The gap between the 
two sections was filled with high strength concrete. Experimental results showed 
that the proposed section exhibited good load-deflection behaviour with high 
inelastic deformation. However, the section showed large slippage between the 
concrete-steel interface. Furthemore, the weight and the bond failure represented 
the critical drawback of this design. Recently Abouzied and Masmoudi (2015) 
introduced a rectangular partial concrete-filled fibre-reinforced polymer tube 
(CFFT) beam with inner voids and steel rebar. The beam was wrapped with 
filament-wound FRP and it had an inner hollow circular or square FRP tube that 
was shifted toward the tension zone. The results indicate that a good performance 
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was achieved in terms of strength and ductility, compared to the conventional 
reinforced concrete beam. However, the authors suggested that more research is 
required to optimize the inner GFRP tube contribution to the flexural behaviour. 
Moreover, they suggested that asimplified analysis method that can accurately 
describe the overall behaviour of these hybrid construction systems should be 
developed. 
  
 
 Theoretical modelling and capacity prediction 
Theoretical and numerical analysis represent an important tool to understand the 
behaviour of any material, which can reduce the cost and time of testing. In 
addition, if the mechanical properties of the constitutive materials are provided, a 
theoretical method of analysis might be considered as an effective solution to 
predict the behaviour of the section. The accuracy of such methods highly 
Figure ‎2.18 Existing Hybrid FRP-concrete beam designs 
Figure ‎2.19 Proposed design for a hybrid FRP-concrete beam 
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depends on the initial assumptions. Several studies have been conducted to 
develop mathematical and constitutive models to understand the behaviour of 
hollow and concrete filled FRP tubes. 
Barbero and Raftoyiannis (1993) undertook an analytical study to investigate the 
local buckling load as well as the buckling mode of thin walled hollow beams 
and columns. They pointed out that the prediction of local buckling is important 
for the prediction of ultimate axial and bending strength of pultruded beams and 
columns. Kollár (2003), on the other hand, carried out an analytical study to 
examine local buckling of FRP members with open and closed cross-sections. 
His study resulted in developing analytical expressions for axially loaded and 
bent box, C, L and I sections. The main assumption of his research was that he 
modelled the webs and flanges as separate orthotropic plate objects, rotationally 
restrained at their edges. 
Wu and Bai (2014) and Bai et al. (2013) investigated the possible modes of 
failure of pultruded glass FRP sections under concentrated loading. They showed 
that the separation at the web-flange junction is one of the common failure modes 
of pultruded GFRP beams subjected to bending. In their studies, they proposed a 
theoretical model to predict the failure load, which considered the combined 
effect of stresses (modified von Mises criterion) and the bearing resistance of the 
composite section. These studies take into account the behaviour of the whole 
section in the calculation of the ultimate failure, instead of the webs and flanges 
individually. Additionally, they used beam theory to plot how the flexural 
behaviour depends on the failure load values. Hejll et al. (2005) on the other 
hand, developed a theoretical derivation that depends on compatibility and 
equilibrium assumption to predict the flexural behaviour of hybrid FRP 
composite girder. While the analytical theory provides a good prediction 
compared with the experimental test, it highly depends on the experimental 
failure load to calculate the failure deflection. A so-called fibre model analysis 
(FMA) has been used in several studies to predict the flexural behaviour of 
hollow and filled composite beams (Abouzied & Masmoudi 2015; Davol et al. 
2001; Fam et al. 2003; Fam, Schnerch, et al. 2005; Mohamed & Masmoudi 
2010a). A strain compatibility/equilibrium model, using a layer-by-layer method, 
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is assumed to integrate the forces over the cross-sectional area of the beam. In 
this model, the FMA methodology is based on first ply failure criteria, which in 
fact ignore the local buckling effect on the final failure of the section. In addition, 
it does not account for the shear deformation effect on the flexural behaviour. 
Therefore, it is important to address the effect of the local buckling and shear in 
the analysis of the behaviour of GFRP composites in order to predict the 
behaviour accurately. 
 Summary   
FRP composites have shown significant potential for the development of new 
structures that have more resistance to the effect of weathering and degradation 
in severe environments. The critical review of the literature has provided 
significant details on the feasibility of using GFRP profiles to construct reliable 
structures for buildings and bridge applications. It has also given an indication on 
the future application of these materials. To effectively apply FRP composites in 
the construction industry, designers and structural engineers must have a 
thorough knowledge of the properties of these materials. This information is 
important in order to design long lasting strong structures using FRP members. 
Pertinent characterization methods have been reviewed in this chapter, including 
theoretical and experimental methods. It was found that the results of theoretical 
predictions are highly influenced by the properties of fibre and matrix. However, 
the property data was not reported in standard format. On the other hand, the 
global deformation represents the main factor affecting the accuracy of the 
results from a coupon test. Therefore, it was identified that characterisation of the 
material properties of FRP composites can be effectively determined using 
testing of full-scale specimens. 
As local buckling and delamination mode were the most common failure modes 
of FRP tubes, several innovation techniques were proposed to overcome these 
premature failures and effectively utilise the composite materials. One of the 
most effective ways is to combine or fill the section with concrete to stabilise the 
thin-walled sections of the composite materials. Previous studies have focussed 
on using concrete of compressive strength, in a range between 30 to 138 MPa, to 
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fill the FRP tubes to improve the overall behaviour of the hybrid beams. To the 
authors’ knowledge, there have been no studies conducted investigating the 
potential use of low strength concrete as an infill to GFRP tubular beams. 
Although increasing the compressive strength of infill concrete enhanced the 
FRP tube behaviour, the cost of high strength concrete infill did not justify the 
enhancement in the stiffness and strength capacities of the hybrid beams. On the 
other hand, while the concept of filling FRP tubes with concrete represents an 
effective method to prevent the local buckling of an FRP section, which results in 
improving its failure capacity, it does also diminish the light weight 
characteristics of FRP profiles. Therefore, it was identified that a new 
combination between GFRP tubes and concrete is required to further optimise 
their usage in a cost-effective alternative for traditional concrete beams. 
Moreover, the available theoretical methods to predict the flexural behaviour of 
GFRP composite beams ignored the effect of local buckling shear deformation. 
Therefore, a good understanding of the effect of these factors on the behaviour of 
FRP beams is necessary. The above mentioned issues have been the main 
motivation of this study to conduct an extensive investigation into the behaviour 
of GFRP sections.  
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 Chapter 3: Mechanical Properties of Full-Scale GFRP 
Tubes 
Paper I: Behaviour of hollow pultruded GFRP square beams with 
different shear span-to-depth ratio 
This paper presents an experimental investigation on the behaviour of hollow 
glass fibre reinforced polymer (GFRP) tubes. The burnout (fibre fraction) test 
conducted to determine the glass fibre content by weight and the stacking 
sequence of the plies is reported in Appendix B. Full-scale GFRP tubes were 
used with different shear span to depth ratio (a/d) to characterize the effective 
mechanical properties by measuring the deflection, compression strain and 
tension strain for up to 20% of the applied load based on ASTM D7250 
recommendations. The schematic diagram of the test set-up is shown in Figure 1 
of Paper I. Back calculation (BCM) and simultaneous (SM) methods were then 
used to analyse the results and to calculate the flexural modulus (E) and shear 
modulus (KGA) of the tubes. These full-scale beams were then tested up to 
failure to evaluate the flexural behaviour of the hollow GFRP tubes under the 
loading configuration shown in Figure 2 of Paper I. Test of coupons were also 
conducted and the results were compared to those of the full-scale tests.   
 From the experimental results, it was found that BCM gives more reliable values 
of E and KGA compared with SM and coupon tests. The results also showed that 
the shear deformation has a significant effect on the flexural behaviour of the 
hollow GFRP beams with lower a/d ratio. This behaviour was considered in the 
theoretical evaluation of the flexural behaviour beams investigated in Papers II 
to IV. The results in Paper I further showed that the hollow GFRP beams fail 
prematurely due to local buckling and utilised only 45% of the maximum 
compressive stress determined from the coupon test. Therefore, filling these 
sections with concrete is expected to improve their structural performance. 
Hence, the influence of the low compressive strength concrete infill on the 
behaviour of GFRP beams was investigated and the results were presented, 
analysed and discussed in Paper II. 
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Abstract
It is important to determine accurately the elastic properties of fibre-reinforced polymer composites material, consider-
ing that their member design is often governed by deflection rather than strength. In this study, the elastic properties of
the pultruded glass fibre-reinforced polymer square sections were evaluated firstly using full-scale with different shear
span to depth (a/d) ratios and tested under static four-point bending. Back calculation and simultaneous methods were
then employed to evaluate the flexural modulus and shear stiffness and were compared with the results of the coupon
tests. Secondly, the full-scale beams were tested up to failure to determine their capacity and failure mechanisms. Finally,
prediction equations describing the behaviour of the pultruded glass fibre-reinforced polymer square beams were
proposed and compared with the experimental results. The results indicate that the back calculation method gives
more reliable values of elastic properties of glass fibre-reinforced polymer profiles. In addition, the behaviour of the
beams is strongly affected by the a/d ratios. The shear was found to have a significant contribution on the behaviour of
beams with lower a/d ratios while the flexural stress played a major part for higher a/d ratios. The proposed equation,
which accounts for the combined effect of the shear and flexural stresses, reasonably predicted the failure load of
pultruded glass fibre-reinforced polymer square beams.
Keywords
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Introduction
Fibre-reinforced polymer (FRP) composites emerged
as a promising material to satisfy the increasing
demand for better performing and more durable
civil infrastructures.1 Recently, FRP composites
have been used in bridges, because of their high stiff-
ness, strength-to-weight ratios, corrosion resistance
and durability.2 In addition to these superior proper-
ties, the process of producing FRP sections allows
the designer to specify different material properties
for different parts of the cross section.3
Nevertheless, the use of these advanced materials in
structural applications is constrained due to limited
knowledge on their material properties and structural
behaviour. Therefore, it is of paramount importance
to investigate the properties of pultruded FRP sec-
tions so that they can be broadly utilised in struc-
tural applications.
A number of micromechanical simulations have
already been developed to predict the properties of pul-
truded beams such as flexural and shear modulus.4–6
The mechanical properties estimated using these
models showed a good correlation with the experimen-
tal results. However, the models require accurate infor-
mation on the processing details of the FRP profiles
such as individual properties of fibres and resin, the
1Centre of Excellence in Engineered Fibre Composites (CEEFC), School
of Civil Engineering and Surveying, University of Southern Queensland,
Toowoomba, Australia
2Department of Civil Engineering, College of Engineering, University of
Thi Qar, Iraq
Corresponding author:
Allan Manalo, Centre of Excellence in Engineered Fibre Composites
(CEEFC), School of Civil Engineering and Surveying, University of
Southern Queensland, Toowoomba 4350, Australia.
Email: allan.manalo@usq.edu.au
Journal of Composite Materials
2016, Vol. 50(21) 2925–2940
! The Author(s) 2015
Reprints and permissions:
sagepub.co.uk/journalsPermissions.nav
DOI: 10.1177/0021998315614993
jcm.sagepub.com
 at Uni of Southern Queensland on September 28, 2016jcm.sagepub.comDownloaded from 
fibre volume fraction and the composition of the lamin-
ates.7 Therefore, the use of these models as a design
tool for structural purposes is likely to complicate the
process. Thus, several researchers investigated coupon
specimens to determine the effective mechanical proper-
ties of the composites and used these properties to pre-
dict the behaviour of full scale pultruded FRP
profiles.8,9 Manalo et al.10 mentioned that there are
limited test methods and equipment to characterise
the properties of thick FRP composites by using the
results of coupon tests. Moreover, the limited dimen-
sions in the transverse direction of the majority of the
pultruded GFRP sections added a new obstacle to the
applicability of available test standards.11 The complex
internal structure of composites and/or the variation of
its mechanical properties within the element itself war-
rant testing of full scale sections to obtain realistic
design properties.
Guades et al.12 conducted an experimental investi-
gation to characterise the mechanical properties of
square pultruded sections (100mm 100mm) using
both coupon and full-scale specimens. Although,
there was a good agreement between the coupon and
full-scale results for single span beams, the effect of
shear deformation on the behaviour of the pultruded
profiles was neglected as the beam considered in suf-
ficiently long. Bank13 indicated that the effect of shear
on thin walled FRP sections is very significant espe-
cially for shorter beams and should be considered in
determining the elastic properties of composite mater-
ial. In support of this, Bank13 and Neto and Rovere14
conducted experiments using full-scale sections to
determine the flexural (E) and shear (G) modulus of
FRP composite beams. In both situations, three-point
bending tests were used to characterise the behaviour
of beams with different spans. Even though same test
procedure and almost similar section properties were
used in both research, there was a huge difference
between the calculated E/G ratios as Bank13 deter-
mined the elastic modulus based on Timoshenko
Beam Theory while Neto and Rovere14 used the
graphical (simultaneous) test method. Mottram15
stated that the sensitivity of the graphical method in
determining the slope (of the regression line through
the data points) can lead to a significant change in the
E and G calculations. As a result, there is a need to
revisit the graphical method used to find the flexural
and shear modulus.
To the authors’ knowledge, there are very limited
experimental studies conducted to determine the
structural properties of full-scale FRP composite
beams made of vinyl ester resin with E-glass fibre
reinforcement oriented in different directions. In this
study, hollow pultruded GFRP square beams with
different shear span-to-depth (a/d) ratios were tested
using static four-point bending configuration.
Graphical (simultaneous) and back calculation meth-
ods were used to calculate the E and G and compared
with the results of the coupon test. In addition, the
effect of a/d ratio on the strength and failure behav-
iour of the GFRP beams was analysed. Based on the
experimental results of this research, a simplified pre-
diction equation to obtain the failure load of the
GFRP beams was proposed with due consideration
given to the effect of a/d ratio. These predicted failure
loads are then compared with the experimental
results.
Determination of flexural and shear
modulus (Beam Theory)
The relatively low elastic modulus of GFRP leads to
designs being governed by deflection and buckling limi-
tations, instead of strength.16,17 In addition, the aniso-
tropic nature of the FRP composites results in low
shear modulus to longitudinal elastic modulus ratio.
Accordingly, the contribution of shear deformation in
the total deformation becomes significant and should
be considered in designing composite structures.3,5,14
This shear contribution can be theorised by using
Timoshenko beam theory. This theory incorporates
shear deformation of thin walled composite sections
in deflection and investigates its effect in a quantitative
manner in order to reliably determine the E and G for
the pultruded FRP section. In this method the control-
ling equations are:
EI
@1
@x
¼M ð1Þ
@
@x
þ1 ¼ V
KGA
ð2Þ
where I is the second moment of area, 1 is the bend-
ing slope, M is the bending moment, d is the total
deflection, V is the shear force and A is the cross-
sectional area. The shear coefficient K is a constant
which accounts for the shear distribution over the
beam cross section. For homogenous box profile, K
can be calculated using the equation recommended
by Bank7:
K ¼ 80
192þ v G=Eð Þ 12ð Þ ð3Þ
where , G and E refer to the longitudinal Poisson’s
ratio, shear modulus and elastic modulus, respectively,
of the section. By solving equations (1) and (2) for the
case of four-point load bending with the load applied at
a distance (a) from the support point (a¼L/3 in this
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case, where L is the beam span), the total deflection can
be obtained as follows:
 ¼ 23PL
3
1296EI
þ PL
6KGA
ð4Þ
where P is the total applied load, EI is the flexural
stiffness and KGA is the shear stiffness.
Two techniques are commonly used to calculate EI
and KGA by using the above equation. The first tech-
nique is called ‘‘back calculation method (BCM)’’ which
was based on the Bernoulli equation to determine the EI
from the strain readings on the outer flange surfaces at
mid-span (in the constant moment region):
EI ¼Mc
"
ð5Þ
where c is the distance from the neutral axis to the
outermost fibre, and " is the measured strain. After
EI is calculated, equation (4) can be used to back cal-
culate KGA.
The second technique is referred to as ‘‘simultaneous
method (SM)’’ where at least two different spans should
be investigated experimentally. Each test produces a
data set for load, deflection and span. These three
terms are known in equation (4) with EI and KGA as
two unknowns. For better interpretation of the
method, equation (4) is divided throughout by PL/6A
as follows:
6A
PL
¼ 23
216E
L
r
 2
þ 1
KG
ð6Þ
This represents a straight line, with (L/r)2 being the
independent variable on the horizontal axis and
6A/PL being the dependent variable on the vertical
axis. Herein, r is the radius of gyration of the section
defined by r ¼ ffiffiffiffiffiffiffiffiI=Ap . By plotting the variable 6A=PL
against ðL=rÞ2, the elastic modulus can be found from
the slope of the straight line and the shear modulus
from the intercept on the vertical axis:
E ¼ 23
216 slope ð7Þ
KG ¼ 1
intercept
ð8Þ
Experiment program
Material properties
Pultruded GFRP square sections (125mm
125mm 6.5mm thickness) produced by Wagner’s
Composite Fibre Technologies (WCFT), Australia
were used in this study. These sections are made from
vinyl ester resin with E-glass fibre reinforcement. The
density of these pultruded profiles is 2050 kg/m3. As per
standard ISO 1172,18 the burnout test revealed an over-
all glass content of 78% by weight in these profiles. The
stacking sequence of the plies is [0/þ45/0/45/0/
45/0/þ45/0], where the 0 direction aligns with the
longitudinal axis of the tube. Table 1 shows the mech-
anical properties of the pultruded sections determined
from coupon tests.
Characterization of elastic properties for pultruded
sections
Following the methodology proposed by Bank,13
GFRP pultruded profiles with three different a/d
ratios were tested under static four-point bending.
The details of the tested specimens are listed in
Table 2. The load was applied at the third points of
the span and shear span to total length (a/L) was main-
tained at 1/3 for all tests. Figure 1 shows the schematic
illustration of the test set-up and the tests were con-
ducted according to ASTM D7250.19 A 2000 kN cap-
acity servo hydraulic testing machine was used with a
loading rate of 2mm/min. All specimens were tested
only up to approximately 20% of the failure load to
ensure that the beams are still in the elastic range. The
level of the applied load (20% of the failure load) was
based on ASTM D7250 recommendation. To validate
Table 2. Details of the specimens tested for the elastic
properties.
Span length (mm) Shear span, a (mm) a/d
600 200 1.6
900 300 2.4
1200 400 3.2
Table 1. Mechanical properties from coupon test.
Properties Average value SD
Compressive modulus (longitudinal, GPa) 38 1.4
Compressive strength (MPa) 640 37
Tensile modulus (longitudinal, GPa) 42 2
Tensile strength (MPa) 741 39
Flexural modulus (longitudinal) (GPa) 39.3 2.3
Shear modulus (longitudinal) (GPa) 5.7 0.4
Shear strength (MPa) 120 14
Interlaminar shear strength (MPa) 51 2
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the test method, the values of stiffness properties should
not be calculated at any applied load level above a
point where the specimen exhibits obvious non-linear
deflection response due to excessive local deflection.
Thus, there were different strain levels depending on
a/d. The strain levels were 410, 620 and 780 micro-
strains for a/d ratios 1.6, 2.4 and 3.2, respectively.
Strain gauges (PFL-20-11-1L-120) of 20mm length
were attached to the bottom face at the mid-span of
the specimens. Laser displacement transducer was
used to measure the mid-span deflection. The applied
load and the deflection of the loading ram were rec-
orded using the Systems 5000 data acquisition system.
Behaviour of hollow pultruded GFRP composite
beams
Hollow GFRP pultruded sections with four different
a/d ratios were tested up to failure under static four
point bending test. In contrast to Characterization of
elastic properties for pultruded sections, the load was
applied at the two points with a load span equal to
300mm. The constant load span was used to keep the
upper face of the section under same condition for all
specimens and to take account of the limitation on the
length of the test frame. Vertical supports were pro-
vided to prevent lateral buckling. The details of the
tested specimens are listed in Table 3. Figure 2 shows
the experimental set up. A 2000 kN capacity universal
machine was used for applying the load. Steel plates
were provided at the support and loading points to
minimise indentation failure.
Experimental results and observations
The experimental results for the elastic properties and
the behaviour of full scale beams are discussed in this
section.
Elastic properties of GFRP sections
E and G using back calculation method. The load versus
deflection curves for all specimens are shown in
Figure 3. Linear elastic behaviour up to 20 kN can be
observed from these. The variations of E and KGA with
load for all specimens are shown in Figures 4–6. From
these curves, it can be seen that these parameters start
at a high value but reduce with increasing load. In order
to minimise the errors that might have occurred due to
deflection measurements in this study, EI and KGA
were computed from the average of several points
spaced within a range of L/800 to L/600 deflection as
suggested by Hayes and Lesko.20 The average calcu-
lated values of E and KGA from the BCM are summar-
ized in Table 4. In this table, a calculated value based
on 6.35mm thickness section was used for the moment
of inertia. The shear modulus G is separated from KGA
using the k determined from equation (3) and the nom-
inal cross section area of the beam. The average value
of E was 47.2GPa which is 20% higher than the
coupon test results. The higher flexural modulus
obtained from the full section compared with the
coupon specimens can be related to the continuity of
45 fibres along the length of the pultruded beams. In
addition, the shear modulus value of 4GPa is compar-
able with the value suggested by Mottram15 for a stand-
ard GFRP pultruded profile.
All Figures
*All dimensions are in mm as per Table 2
Figure 1. Experimental set-up for characterisation of elastic properties.
Table 3. Details of the specimens tested for the behaviour of
GFRP beams.
Span length (mm) Shear span, a (mm) a/d
600 150 1.2
900 300 2.4
1200 450 3.6
1800 750 6
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E and G using simultaneous method. In order to determine
the elastic properties E and G, a graph for 6A/PL
versus (L/r)2 was plotted as shown in Figure 7. Each
value of /P was calculated using a selected load, P, in
the range between 0 and 19 kN, and the corresponding
measured displacement at mid-span for . The two
points are shown in Figure 7. A linear regression was
used to obtain the slope, intercept and the coefficient of
correlation, which are also shown in the figure. The E
and G values were then calculated using equations (7)
and (8), respectively. The calculated E in this method is
56.1GPa which is higher than the coupon test results by
about 43%. In contrast, G is 3.3GPa which is less than
the average value for standard pultruded profiles by
about 17%.
Behaviour of hollow pultruded GFRP composite
beams
Load–deflection behaviour. Figure 8 shows the load–
deflection curves for the GFRP pultruded beams, which
shows a linear behaviour until failure. There is a non-
linear response before the final failure for the beams
with a/d ratios of 1.2 and 2.4. This behaviour is possibly
due to the crushing of the corners of the specimen at the
support and at the loading points which leads to sep-
aration of the web–flange junction. This progressive
failure results in the web to continue carrying the
applied load. The load carrying capacity of the beam
is affected by the variation of the a/d ratio whereas a
decreasing trend was observed with increasing a/d ratio.
All the beams show a brittle failure in both flexural and
transverse shear failure modes. For all long span speci-
mens, the ultimate failure was found to occur in the
compression flanges beneath the load point starting
with compression flange buckling and followed by
delamination and shear failure of the flange as shown
in Figure 9(a) and (b). On the other hand, for short
span specimens, the high applied load result in high
buckling in the compression flange and crushing of
the web as shown in Figure 9(c). Figure 10 shows a
schematic diagram of the observed deformation
beneath the load plate and above the support.
Table 5 presents a summary of the test results with
respect to failure load, corresponding deflection and
failure mode.
Stress–strain behaviour. The strain measurements for the
beams at the top and bottom faces in addition to the
strain at the shear path are shown in Figures 11–13. It
can be seen that the tension strain at the bottom face is
higher than the top face compression strain (i.e. for a/d
ratio of 6 and stress 250MPa the tension strain reaches
4700 micro strain compared with 4000 micro-strain in
the compression side). There was a different trend in the
strain on the top and bottom sides. The tension strains
increased linearly up to failure, whereas the compres-
sion strains began to decrease nonlinearly as the load
exceeded approximately 75% of the ultimate failure
load. At the top side, the strain was negative demon-
strating that the profile is compressed, as expected.
With increasing load, however, the values tend to
become positive indicating that the top surface is
moving from being compressed to tensioned as shown
in Figure 11. This behaviour reflects the onset of
a a 
L
300 mm
P
125mm 125mm
Figure 2. Experimental setup for the behaviour of GFRP beams.
Figure 3. Load–deflection relationship for GFRP beams.
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buckling considering that the flange can be assumed to
be simply supported at the loading points.
Consequently, the increase in the applied load increased
the compression component of the moment which
results in a local buckling of the flange. Figure 12
shows that the tensile strain decreases with decreasing
shear span. The bottom side of the tested specimens
were subjected to extensive tensile straining although
failure cannot be observed there even after the com-
pression region at the loading zone has failed entirely.
Figure 4. Elastic modulus (E) and shear stiffness (KGA) versus load for a/d¼ 1.6.
Figure 5. Flexural modulus (E) and shear stiffness (KGA) versus load for a/d¼ 2.4.
Figure 6. Flexural modulus (E) and shear stiffness (KGA) versus load for a/d¼ 3.2.
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Figure 13 shows that shear strain increases with
decreasing a/d due to the fact that a significant portion
of the shear is transferred directly to the support by an
inclined strut. As a result the amount of the direct load
transfer increases with decreasing a/d ratio. In sum-
mary, the failure initiated at web–flange junction and
followed by buckling and/or crushing in the web
depending on the a/d ratio: beams with higher a/d
ratio experienced buckling failure whereas beams with
lower a/d ratio experienced crushing.
Failure mode. The different failure modes of the GFRP
beams are shown in Figure 14. The observed failure
modes can be classified as flexural failure and trans-
verse shear failure. The shorter beams (a/d ratios of
1.2 and 2.4) displayed progressive damage accumula-
tion, which is indicated by the drops in the load–
deflection curves, with the increasing of the applied
load. It was observed that the specimens had cracked
and some twisted away from the centre towards one
side. The mode of failure observed was transverse
shear failure resulting in the delamination and cracking
of the fibre along the edges of the pultruded beam in
addition to local buckling on the compression flange as
shown in Figure 14(a) and (b). Moreover, it was
observed that the failure initiated at web–flange junc-
tions and followed by premature buckling and crushing
in the webs. This failure behaviour is described as a
potential failure for pultruded GFRP sections under
concentrated bearing load conditions.21 For beams
with a/d ratios of 3.6 and 6, the failure occurred at
the points of loading and distinct cracks developed on
the top surface and side of the tubes. Furthermore,
cracks developed at the intersection between the
flange and the web due to the buckling, leading to sep-
aration between them. It was also observed that delam-
ination crack happened at the compression surface and
later progressed into the sides as a result of local buck-
ling initiation as shown in Figure 14(c) and (d). Similar
Table 4. Summary of average E and KGA for each span for
GFRP beam testing (BCM).
a/d E (GPa) COV (%) KGA (GPa cm2) COV (%) G (GPa)
1.6 47.3 4.4 58.5 10 4.8
2.4 46.2 2.4 49.1 9 4.1
3.2 48.1 2.1 39.3 10 3.3
Ave. 47.2 4
Abbreviation: COV: coefficient of variation.
Figure 7. Typical graph to determine E and KG using simul-
taneous method.
Figure 8. Load–deflection curves for GFRP beams.
Figure 9. Failure of the long and short span beams.
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observation was reported by Guades et al.12 and
Kumar et al.22 in their investigations on the flexural
behaviour of 100 and 76mm square pultruded FRP
tubes. In their studies, however, they reported that
the final failure of the specimen occurs mainly due to
the effect of the local buckling of the thin wall
(6.35mm) which results in material delamination and
cracking of the fibre along the edges of the beam under
the point loads. Shear crack was not observed even for
beams with the lowest a/d ratio. The possible reason for
this is the presence of the 45 plies in addition to the
main fibre on the tube which provides a stronger shear
resistance along the transverse direction.
Discussion
Determination of elastic properties. Table 6 gives a sum-
mary of the properties of the GFRP profiles based on
the coupon and full scale tests. It can be seen from this
table that there is a significant difference between the
results determined from coupon and full scale tests. The
main reason between the coupon and full scale results is
the effect of discontinuity of the fibres (especially the
þ45) in the small solid coupon of composite material.
Figure 10. Schematic diagram of the deformation at failure.
Table 5. Summary of experimental results for GFRP beams.
Shear
span/depth
Average
failure load (kN)
Deflection
(mm)
Failure
mode
1.2 148 8 TS
2.4 132 9 TS
3.6 107.8 14 F
6 80.8 37 F
Abbreviations: TS: transverse shear failure; F: flexural failure.
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Figure 11. Stress versus compression strain.
Figure 12. Stress versus tensile strain.
Figure 13. Stress versus shear strain.
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However, the continuity of the fibres in the full-scale
beam results in higher effective elastic properties than
the coupon specimens. Using these properties, the
load–deflection behaviour of the full-scale pultruded
GFRP beams were calculated using equation (4) and
compared with the experimental results. Figure 15 dis-
plays comparison between the experimental and the
predicted deflection calculated by using Timoshenko
Beam Theory (equation (4)). The experimental failure
load for each beam is used to calculate the correspond-
ing theoretical deflection according to a/d ratio value.
The load values are shown in Figure 15. Elastic proper-
ties obtained from full scale test (using BCM and SM)
and coupon test have been used to predict the deflec-
tion. It can be seen that the Timoshenko Beam Theory
provides a good approximation for the curves deter-
mined by the experimental tests. It can also be observed
from the figure that using the elastic properties from
BCM to calculate the beam deflection showed a good
correlation with the experimental results for all a/d
ratios. In contrast, analytical results using SM under-
estimated the experimental results and using coupon
test results overestimated the deflection as shown in
Figure 15. SM generally is relatively sensitive to the
accuracy of the E measurement. When the span is
short and for the same applied load, the deflection is
in minimal. This observation is similar with Roberts
and Al-Ubaidi23 wherein they indicated that the mea-
sured elastic properties of Pultruded FRP I-profile can
change substantially depending on the sensitivity of the
graphical method. Therefore, it can be concluded that
the elastic properties (E and G) determined using the
BCM can reliably predict the behaviour of full scale
GFRP beams.
Figure 16 shows the relationship between the flexural
and shear deflection percentage of total deflection as a
function of a/d ratio. The flexural and shear deflection
was calculated using the average value obtained in this
study (E/G¼ 11.6). It can be seen that the flexural
deflection constitutes approximately 40% of the total
deflection for a/d of 1.2. In contrast, shear deflection
was 60% for the same a/d ratio. These observations
reflect the significant contribution of shear deformation
in the total deflection of beams with low shear span to
depth ratio. From the figure it can also be observed that
the percentage of shear deflection is less than 10% for
a/d of 10 and a ratio of 20 is required to decrease the
shear deflection to less than 5%. Therefore, for com-
posite beams with a/d 10 the effect of shear deform-
ation should be accounted in the total deflection
calculation.
Effect of a/d ratio on shear stress. The effects of shear span
to depth ratio on the shear stress of the GFRP beams
Figure 14. Failure modes of GFRP beams for different shear span to depth ratios.
Table 6. Summary of experimental properties for GFRP beams.
Test type E modulus (GPa) G modulus (GPa)
Coupon 39.3 5.7
BCM 47.2 4
SM 56.1 3.3
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were evaluated by calculating the shear stress experi-
enced by the beams using equation 9:
 ¼ VQ
It
¼ PQ
2It
ð9Þ
where V is the shear force, Q is the first moment of area,
I is the moment of inertia and t is the total wall thick-
ness. The calculated values of shear stress at failure for
different a/d ratios of the GFRP beams are shown in
Figure 17. The results showed that the a/d ratio has a
significant effect on the shear stress experienced by the
pultruded GFRP beams. The reason is that the shorter
span beams can be subjected to higher failure load
which means higher shear force resulting in higher
Figure 15. Comparison of theoretical and experimental deflection of beams with different a/d ratios.
Figure 16. Contribution of flexural and shear deflection for beams with different a/d ratios.
Figure 17. Shear stress versus shear span to depth ratio for
GFRP beam.
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shear stress according to equation (9). As a result, it can
be seen that the shear stress increases with decreasing a/
d ratio. Similar behaviour has been documented for
composite sandwich beams and timber beams tested
with different a/d ratios.24–26 The authors indicated
that shorter beam is subjected to a higher shear stress
compared with longer span beams. They also men-
tioned that due to the core weakness, the shorter
beams failed due to shear. In this study, no shear
cracks were observed on the tested beams at the
region of maximum shear even for short span beams.
The relationship between the shear stress and the a/d
ratios seems to be linear. Almost all the tested sections
failed in similar mode by local buckling under the
applied load followed by cracking at the compression
side and the delamination of the plies. Although the
tensile strain is low for small a/d ratios, the bottom
face of the beam displays a crushing of fibres at the
support without any failure at the mid-span as shown
in Figure 14. The reason for this is the higher applied
load corresponding to lower a/d ratio.
The maximum calculated shear stress of the pul-
truded GFRP beams with shear span to depth ratio
of 1.2 and 6 are 55 and 32MPa, respectively. These
shear stresses are 45% and 27%, respectively, of the
shear strength of the pultruded profile given in
Table 1. These lower percentages indicated that the
shear stress is not only the factor which affected the
behaviour of the pultruded beams but also the flexural
stress. Manalo et al.10 mentioned that these combined
stresses played an important part in understanding the
overall behaviour of composites and should be con-
sidered in the design and analysis of composite
materials.
Effect of a/d ratio on flexural stress. The flexural behaviour
of the GFRP hollow sections have been studied by
calculating the bending stress using the following
equation:
 ¼Mc
I
¼ Pac
2I
ð10Þ
The calculated bending stresses for GFRP beams with
different a/d ratios are shown in Figure 18. It can be
seen that the bending stress increases with increasing
a/d ratio. The maximum bending stress with a/d
ratios of 1.2 and 6 are 98 and 300MPa, respectively.
These bending stress values are 21% and 66% of the
compression strength, respectively, and 13% and 41%,
respectively, of the tensile strength of the pultruded
profile as mentioned in Table 1. This explains the
reason why the failure is happening at the compression
side. Furthermore, the results indicated that the speci-
men experiences considerable flexural stresses even at
a/d ratio of 1.2 which contributed to the failure mech-
anisms. Similar result was reported by Turvey and
Zhang27 in their investigation on the shear failure
strength of web–flange junctions in pultruded GRP
profiles. In their study, however, they reported that fail-
ure is a function of combined high shear and bending
stresses at the interfaces of different plies.
Effect of a/d ratio on failure mode. The GFRP pultruded
beams showed a brittle failure mode. The failure hap-
pened without any reduction in the slope of the load–
deflection behaviour. The beams with a/d ratio of more
than 3 exhibited a flexural mode of failure. The failure
of those beams was controlled by the buckling under
the load points followed by cracks and delamination at
the compression face in addition to a web–flange junc-
tion failure as shown in Figure 14(c) and (d). The
beams with a/d less than 3 showed a transverse shear
failure. This type of failure was resulting in the delam-
ination and cracking of the fibre along the edges of the
pultruded beam in addition to local buckling on the
compression flange as shown in Figure 9. This failure
behaviour was reported by Turvey and Zhang27 and
Wu and Bai21 as a web–flange junction failure which
caused mainly by the concentrated bearing load condi-
tions. A change in the slope of the load–deflection
behaviour has been noticed. In some cases, it can be
seen that there are some drops in the load at the failure
progress stage for the beams with spans lower a/d
ratios. This failure response is due to the progressive
damage accumulation of the section. No pure shear
failure or shear cracks appeared in all of the tested
beams. The main reason for that is the stacking
sequence of the plies of the GFRP pultruded sections
are in the form of 45 degrees. It was clearly noticed
that the failure cracks position was closer to the top
loading point than to the supports.
Figure 18. Bending stress versus shear span to depth ratio for
GFRP beam.
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Prediction of failure load for pultruded
GFRP beams with different a/d ratio
The contribution of the shear deformation was clearly
observed for all a/d ratios considered in this study.
Therefore, in order to estimate the failure load of the
pultruded GFRP beams, it is important to account for
the shear and the bending stresses in the prediction
equation.
Proposed prediction equation
Based on the experimental results, buckling failure
occurred at the concentrated load points and/or near
the support locations. The main reason for this behav-
iour is the high shear forces that typically develop at
those locations. Bank7 stated that, when the beam is
subjected to high shear forces and high bending
moment, the web is subjected to combined shear
stress () and axial compressive or tensile (flexural)
stress ðÞ. As a result, the combined effect of both stres-
ses is significant and should be accounted for in the
prediction of failure load. Structural plastics design
manual ASCE28 recommends using an interaction
equation based on the isotropic plate theory to calcu-
late the critical load which takes into account the com-
bined effect of shear and flexural stresses. This equation
expressed in the form:
act
all
þ act
all
 1 ð11Þ
where act and act are the actual flexural and shear
stresses, respectively, all and all are the corresponding
material allowable stresses. In this formula the com-
bined effect of the shear and flexure has been suggested
and the failure load can be calculated using the follow-
ing equation:
P ¼ 1ðac=2IallÞ þ ðQ=2ItallÞ ð12Þ
In this study, a linear interaction equation similar to
ASCE equation is proposed to predict the failure load
of the pultruded GFRP beams which account for the
combined effect of shear and flexure. In the proposed
equation, buckling stress buckling calculated according
to Bank13 (presented in Appendix 1) has been used
instead of the allowable compressive strength due to
the fact that almost all the tested hollow pultruded pro-
files failed with local buckling. Therefore, the predicted
failure load of the pultruded GFRP beams can be cal-
culated as:
P ¼ 1ðac=2IbucklingÞ þ ðQ=2ItallÞ ð13Þ
Figure 19. Comparison between the predicted and the actual failure loads.
Table 7. Predicted failure load compared with the actual failure
load.
a/d ratio Exp. (kN) Equation (12) (kN) Equation (13) (kN)
1.2 148 214 164
2.4 132 170 115
3.6 107.8 142 88
6 80.8 106 60
Muttashar et al. 2937
 at Uni of Southern Queensland on September 28, 2016jcm.sagepub.comDownloaded from 
The allowable stresses of the pultruded GFRP material
are listed in Table 1.
Comparison between predicted and the
experimental failure loads
The predicted failure load of the pultruded GFRP
beams tested using 4-point load and the percentage dif-
ference between the predicted and actual (experimental)
average failure loads are summarised in Table 7. For
clarity, the comparison is also shown in Figure 19.
It can be seen from Table 7 and Figure 19 that the
proposed equation (13) shows a good agreement
between the predicted and the actual failure load. For
beam with a/d ratio 1.2, the proposed equation over-
estimates the failure load by 11%. This indicates that
the beams are more likely to fail by transverse shear
failure and the shear has the higher effect on the sec-
tion’s failure mode. In contrast, the flexural compres-
sion stress is the more dominant stress to cause the
failure for pultruded beams with a/d ratios of 3.6–6.
Moreover, it can be clearly noticed that the use of equa-
tion (12) to predict the failure load depends on the
ultimate flexural stress will overestimate the failure
load by as much as 31–44%. Figure 20 shows the per-
centages of stress contribution from the failure stress of
the pultruded beams. As seen from the figure, for
beams of a/d ratio 1.2, shear stress contribution
(57%) for the failure load is higher than that for the
flexural stress (42%). For beams with higher a/d ratio,
the flexural stress becomes the dominant stress to cause
the failure with 79% of the failure load compared with
21% of shear stress, respectively. These percentages
showed that the predicted contributions compare well
with the experimental contributions for shear and
flexural stresses. In general, the proposed equation 13
provided a conservative but practical estimation of the
failure load of the pultruded GFRP beams with differ-
ent a/d ratios.
Conclusions
The behaviour of GFRP pultruded square beams with
different shear span to depth (a/d) ratios was investi-
gated using the four-point bending test. Similarly, the
elastic properties of the beams were determined by test-
ing full-scale specimens. The following conclusions can
be drawn based on the results of the investigation:
1. The back calculation method gives more reliable
values of effective flexural and shear moduli of pul-
truded hollow GFRP square sections compared with
simultaneous method and coupon test. This method
is based on the Bernoulli equation and uses the
strain readings at mid-span of the beam. A good
correlation between the predicted and the actual
load–deflection behaviour was achieved using the
elastic properties determined from this method.
2. The shear deformation contributes by as much as
50% to the total deflection of beams with low a/d
ratio. Thus, it is recommended to account for the
shear deflection in the deflection calculation of
GFRP beams when (a/d) is 6.
3. The shear stress experienced by the beam decreases
with increasing a/d. In contrast, the flexural stress
increases with increasing a/d ratio.
4. The failure of the beam is governed by the buckling
under the loading points followed by cracks and
delamination at the web–flange junction at the com-
pression face.
Figure 20. Percentages of stress contribution from the total failure stress.
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5. The proposed equation accounting for the combined
effect of shear and flexural stresses in pultruded
GFRP square beams and accounting for the buck-
ling stress of composites reasonably predicted the
failure load of full size pultruded GFRP beams.
6. Aside from shear and flexural stresses, it was found
that there is a complexity on the overall behaviour of
pultruded GFRP square beams with low a/d, which
needs further investigation.
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Appendix 1
Local buckling equation for box profile
According to Bank7 the compression flange will buckle
before one of the webs if ssss
 
f
= ELð Þf5 ssss
 
w
= ELð Þw.
Therefore, the flange will be restrained by both webs.
As a result, the spring constant is given as
kboxflange ¼ 4 DTð Þw
dw
1 
ss
ss
 
f
ELð Þw
ssss
 
w
ELð Þf
" #
And the local buckling stress for the flange is
given as
buckling ¼ 
2
b2f tf
2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDLDTÞð1þ 4:139
p
Þ
h
þðDLT þ 2DSÞð2þ 0:622boxflangeÞ
i
where ssss
 
f
¼ 22
b2
f
tf
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðDLDTÞp þDLT þ 2DS 
ssss
 
w
¼ 2
2
d2wtw
13:9
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDLDTÞ
p
þ 11:1DLT þ 22:2DS
 
boxflange ¼ 1
1þ 10 DTð Þf=kboxflangebf
	 

DL ¼ E
c
Lt
3
f
12 1 vLvTð Þ
DT ¼ E
c
T
EcL
DL
DLT ¼ vTDL
Ds ¼ GLTt
3
f
12
vT ¼ E
c
T
EcL
vL
where bf and tf are the width and thickness of the
flange, respectively, dw and tw are the depth and thick-
ness of the web, respectively, EcT is longitudinal com-
pression modulus, EcL is transverse compression
modulus, GLT is the in-plane shear modulus and vL is
the major (longitudinal) Poisson ratio.
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 Chapter 4: Flexural Behaviour of Single Cell GFRP Beams 
Paper II: Influence of infill concrete strength on the flexural 
behaviour of pultruded GFRP square beams 
This paper evaluated the effect of the compressive strength of the infill 
concrete on the flexural behaviour of pultruded GFRP tubes. Concrete of three 
different compressive strengths 10 MPa, 37 MPa and 43.5 MPa was used to fill 
the hollow pultruded tubes. The beams were tested under four point bending with 
constant shear span to depth ratio of 4.2. The load deflection behaviour, failure 
strain and mode of failure were reported. Based on the experimental results, the 
filled beams showed higher failure load compared with hollow beams. The beam 
filled with concrete of 10 MPa compressive strength showed 100% increase in 
the failure load while the beam filled with concrete of 43.5 MPa compressive 
strength showed 141% increase. On the other hand, the filled beams showed 
approximately similar stiffness. A comparison between the flexural stiffness of 
the filled beams is shown in Figure 5 of Paper II. Fibre model analysis was 
implemented to predict the flexural behaviour of hollow and filled beams 
numerically. The model incorporated the elastic properties of the GFRP tubes 
determined in Paper I and the partial confinement model for the concrete infill. 
The presented results in Paper II showed that the concrete filling improved the 
flexural behaviour of GFRP tubes. In addition, the improvement of ductility of 
the beams is indicated by the increase of the energy absorption, which is 
determined by comparing the area under the load-deflection curves until ultimate 
failure. Furthermore, low strength concrete was found as a practical solution to 
fill the single cell GFRP sections. However, filling the entire hollow section 
compromised the lightweight characteristics of FRP composites. Hence, a new 
concept of multi-celled GFRP beams was proposed. An experimental 
investigation on the flexural behaviour of this new proposed section was 
conducted and the results are presented, analysed and discussed in Paper III. 
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This paper presents experimental and analytical studies on the effect of the compressive strength of the
concrete infill on the flexural behaviour of composite beams. Hollow pultruded Glass Fibre Reinforced
Polymer (GFRP) square beams (125 mm  125 mm  6.5 mm) filled with concrete having 10, 37 and
43.5 MPa compressive strength were tested under static four-point bending. The results indicate that
filled GFRP beams failed at a load 100–141% higher than hollow beams and showed 25% increase in stiff-
ness. However, the increase in concrete compressive strength from 10 to 43.5 MPa increased the ultimate
load by only 19% but exhibited almost the same flexural stiffness indicating that a low strength concrete
is a practical solution to fill the GFRP profiles to be used as beam applications. Moreover, the concrete
infill prevented the premature buckling and web crushing of the GFRP tube. The maximum strain mea-
sured at failure is similar to the compressive strain determined from the coupon test indicating the effec-
tive utilisation of the GFRP material. Finally, Fibre Model Analysis which considered the partial confined
stress–strain curve for the concrete infill gave an accurate prediction of the flexural behaviour of the con-
crete filled GFRP sections.
 2016 Elsevier Ltd. All rights reserved.1. Introduction
1.1. General
In recent years, fibre reinforced polymers (FRP) have been used
in the construction industry due to its advantageous properties
such as high stiffness, strength-to-weight ratios, resistance to cor-
rosion and easy installation [1]. However, their relatively low elas-
tic modulus as well as thin-walled sections lead to structural
design being governed by deflection and buckling limitations
rather than strength [2,3]. These limitations of FRP composite sec-
tions can be overcome by infilling with concrete. In such hybrid
systems, the deformation capacity is increased by the combined
action between the concrete and the thin-walled FRP tube.
Concrete filled FRP tubes (CFFT) became a popular form of
hybrid structural elements in rehabilitation or in new construction.
In fact, extensive studies have been conducted to investigate the
behaviour of CFFTs for bridge columns and piles applications
[4–11]. Most of these studies have proven the ability of this systemto take advantage of the confinement provided by the composite
shell to the concrete core and the linear elastic nature of the com-
posite section. Similar research has been conducted to investigate
the confinement effect of FRP composite on the concrete core
[12,13]. These researches showed that FRP confinement has a sig-
nificant effect on the behaviour of concrete under axial compres-
sion. Consequently, various models have been developed [14,15]
to predict the stress–strain behaviour of FRP-confined concrete.
The growing popularity of using concrete filled FRP for com-
pression members has motivated researchers to expand the inves-
tigation of the system feasibility for bridge beam applications.
Under flexural loading, Roeder et al. [16] found that the concrete
infill increases local buckling resistance by stiffening the walls of
the FRP tube. Davol et al. [17] performed bending tests of large-
scale circular FRP shells filled with 45 MPa concrete. They found
that increasing the amount of hoop plies around the specimen pre-
vents the occurrence of local buckling on the compression side.
Similarly, Fam and Rizkalla [18] carried out large scale flexural
tests on hollow and concrete filled GFRP circular tubes wherein
the effect of wall thickness ratios with a range of concrete infill
strength between 30 and 60 MPa were examined. They reported
that the flexural behaviour of concrete filled GFRP circular tubes
is affected by the concrete compressive strength and is highly
Table 1
Properties of the pultruded GFRP profiles.
Material property Symbol Property value Unit
Density q 2050 kg/m3
Tensile stress rt 596 MPa
Tensile strain Ɛt 16030 Microstrain
Compressive stress rc 550 MPa
Compressive strain Ɛc 11,450 Microstrain
Elastic modulus E 47.2 GPa
Shear modulus G 4 GPa
Table 2
Details of the test specimens.
Specimen ID Description
Concrete strength (MPa)
H-0 –
H-10 10
H-37 37.5
H-43 43.5
M. Muttashar et al. / Composite Structures 145 (2016) 58–67 59dependent on the stiffness and diameter-to-thickness ratio of the
tube. Prior to this, Mirmiran and Shahawy [6] conducted experi-
ments to investigate the flexural behaviour of concrete-filled FRP
tubes as an alternative to the conventional reinforced concrete ele-
ments. In addition, Fam et al. [19] studied the behaviour of CFFT
box beam to replace the reinforced concrete beam. The results
showed that the performance of the concrete filled beams is simi-
lar to or better than the conventional reinforced concrete elements.
Chen and El-Hacha [20] introduced a new hybrid bridge girder sys-
tem fabricated from FRP and ultra–high performance concrete
(138 MPa). Their results showed that de-bonding at concrete-FRP
interface is the main failure mode and it occurs prior to the
expected load for flexural failure. Most recently, Aydin and Sari-
biyik [21] studied the effect of the adherence between concrete
and GFRP profile on the flexural behaviour using sand particles
and epoxy which are pasted in the interior surface of the profile.
The results indicated that the flexural strength and fracture tough-
ness significantly increased compared to the hollow GFRP section.
Previous studies focussed on using concrete of compressive
strength in a range between 30 and 138 MPa to fill the FRP tubes
in order to enhance the overall behaviour of the hybrid beams.
To the authors’ knowledge, there are no studies conducted investi-
gating the potential use of low strength concrete as an infill to the
GFRP tube beams. This study investigates the flexural behaviour of
hollow and concrete filled square pultruded GFRP tubes. Four-
point static bending test was conducted to evaluate the strength,
stiffness and failure mechanisms of the concrete filled pultruded
GFRP tubes. An analytical model based on force equilibrium, strain
compatibility, linear elastic behaviour of FRP and partial stress–
strain confinement model for concrete is adopted to predict the
behaviour of the tested beams. The results from the theoretical
modelling are then compared with the experiment results.
1.2. Research motivation
The importance and suitability of concrete filled FRP tubes for
compression members has been demonstrated by many research-
ers. On the other hand, limited studies have been conducted
exploring the use of this hybrid system for flexural members
[18,19,22,23]. These studies focussed on using concrete of high
compressive strength to fill the FRP tubes. However, the cost of
high strength concrete infill did not justify the enhancement in
the stiffness and strength capacities of the hybrid beams. This
study aims at investigating the influence of concrete infill strength
on the flexural behaviour of pultruded GFRP square beams includ-
ing low strength concrete to determine the optimal compressive
strength that will result in enhanced strength and stiffness com-
pared to hollow FRP tubes.
2. Experimental program
2.1. Properties of GFRP tubes and concrete
Square pultruded GFRP sections (125 mm  125 mm  6.5 mm
thickness) produced by Wagner’s Composite Fibre Technologies
(WCFT), Australia were used in this study. The tubes were pro-
duced using pultrusion process with vinyl ester resin and E-glass
fibre reinforcement. Burnout test conducted as per ISO 1172 [24]
revealed that the density and the fibre volume fraction are
2050 kg/m3 and 78% by weight, respectively. Table 1 shows the
mechanical properties of the pultruded GFRP profiles. The elastic
modulus and shear modulus of the square pultruded GFRP sections
were determined previously by Muttashar et al. [25] and are listed
in Table 1. On the other hand, coupon tests were conducted to
determine the compressive and tensile strength properties for
the sections.Concrete with three different strengths were used as infill in the
pultruded sections. Five plain concrete cylinders have been sam-
pled from each batch of three types of concrete and cured under
the same conditions as the beam specimens. The 28 day average
compressive strengths for the three types of concrete were 10,
37.5 and 43.5 MPa, respectively.
2.2. Test specimens
In the experimental works, three hollow GFRP sections and six
filled sections were used to investigate the flexural behaviour. The
total length of the beams was 2000 mm. Table 2 shows the details
of specimens’ identification and concrete strength. The specimens
were identified using the code listed in the table. The term H-0
indicates the hollow geometry, whereas, H-10, H-37 and H-43 rep-
resent GFRP beams filled with concrete having 10, 37 and 43 MPa
compressive strength respectively.
2.3. Instrumentation and test setup
Four-point bending test was performed over a simply supported
clear span of 1800 mm following the ASTM D7250 [26]. The load
was applied at two points with a load span of 300 mm. Fig. 1 shows
the details of the experimental set up. The load was applied using a
400 kN capacity universal testing machine at a load rate of 3 mm/
min. Steel plates were provided at the support and loading points
to minimise indentation failure. Four uniaxial strain gauges (types
PFL-20-11-1L-120) were used to measure the strain on the top and
bottom faces of the beam. The mid-span deflection was measured
using a laser displacement transducer. The applied load and the
displacement were recorded using ‘‘System 5000” data acquisition
system. All specimens were tested up to failure to observe the fail-
ure mechanisms of the beam.
3. Test results and discussion
3.1. Load–deflection behaviour
The load–displacement behaviour of the tested beams is pre-
sented in Fig. 2. As expected, the hollow beams (H-0) showed a lin-
ear elastic behaviour until failure at a load of 80.8 kN and a
corresponding mid-span deflection of 39.5 mm. Consequently,
the average ultimate flexural stress at the top and bottom of the
tested beams was 291 MPa. This value is approximately 45% and
2000 
300  
P/2 P/2 
1800
125  
125
A 
A Section A-A 
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Concrete infill 
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Fig. 1. Details of experimental set up.
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Fig. 2. Load–displacement behaviour of the tested beams.
60 M. Muttashar et al. / Composite Structures 145 (2016) 58–6739% of the compression and tension failure stresses determined
from coupon test of the GFRP profile, respectively. The ultimate
strength of the GFRP profile was not achieved due to the compres-
sive buckling of the top flange at the constant moment region
which led to separation of the web-flange junction, followed by
premature buckling, delamination and crushing in the web as
shown in Fig. 3. On the other hand, bilinear load–deflection curves
were observed for GFRP beams with concrete infill. However, the
first part of the curves is insignificant as it forms approximately
3% of the total value (segment A of the curve) as shown in Fig. 2.
The curve starts with a high stiffness as the entire concrete cross
section is effective. However, once the flexural tensile cracking
occurred, the stiffness was reduced but remained almost constant
until failure. The H-10, H-37 and H-43 beams failed at an applied
load of 163 kN, 189 kN and 195 kN, respectively, as shown in Fig. 2.
There was a significant increase (100–141% higher) in the flex-
ural strength for the filled sections in comparison to those of the
hollow sections for all concrete types. This increase reflects the
contribution of the concrete core to the section’s capacity by(b) Outside view  (a) Inside view 
Buckling  
Transverse shear  
Web-flange 
separation  
Delamination
Web crush  
Fig. 3. Failure mode of hollow beams.restricting and delaying the local buckling of the GFRP tube,
thereby increasing the section ductility and strength. With the
increase in concrete strength from 10 to 43.5 MPa (335% increase),
however, the improvement in sections’ strength is only 19%. This is
attributed to two important factors. Firstly, the brittleness of con-
crete increases with increasing strength, which changes the con-
crete crack patterns from heterogenic micro- cracks to localised
macro-cracks. Secondly, the overall behaviour of the filled beams
was controlled by the behaviour of the outside tube. With the
internal support provided by concrete core, the pultruded profile
is more stable and has smaller tendency to buckle which results
in a higher load carrying capacity than hollow tubes. These results
are in good agreement with the results reported by Vincent and
Ozbakkaloglu [27] when they studied the influence of concrete
strength on axial compressive behaviour of FRP tubes filled with
normal, high and ultra-high strength concrete. They concluded that
the axial performance of FRP-confined concrete reduces as the
concrete strength increases. From the current study, this result
suggests that the effect of the compressive strength (for 10–
43.5 MPa) of infill on the section capacity and stiffness is minimal
for the tested beams. This finding is in contrast with the parametric
study conducted by Fam and Rizkalla [18]. They reported that
increasing the compressive strength of concrete from 20 to
80 MPa resulting in decreasing of the section capacity with notice-
able increase in the stiffness. The reported difference in behaviour
is more likely to be due to their assumption of using unconfined
stress–strain concrete model to predict the behaviour. Fig. 4 shows
the strain distribution through the depth of the section at mid-
span which clearly shows that the neutral axis depth is higher
for lower concrete strength and lower for higher compressive
strength. It is obvious that modulus of elasticity becomes higher
for high strength concrete however the moment of inertia becomes
H
-4
3
GFRP N.A 
H
-3
7
H
-1
0
Section in the filled 
beam’s cross section
Cracked concrete
Uncracked concrete 
Fig. 4. Mid-span strain distribution at moment capacity of 60 (kN m) for all beams.
M. Muttashar et al. / Composite Structures 145 (2016) 58–67 61lower due to the changes of the neutral axis depth. For example,
the neutral axis depth is at a distance of 58 mm from the top of
the section for H-10, 53.5 mm for H-37 and 51.5 mm for H-43, at
60 kN mmoment capacity. It is noted that 60 kN mmoment capac-
ity corresponds to a 160 kN applied load. This result also suggests
that the area of concrete contributing to compressive force is lower
for a higher strength than a lower strength concrete to achieve
internal force equilibrium. Consequently, the ultimate load of the
beam is slightly affected by the concrete compressive strength.
Even reaching the maximum compressive stress in concrete, the
concrete core remains intact and stabilises the hollow GFRP profile
until the failure causing some crushing for H-43. This behaviour
demonstrates that some level of confinement in concrete is
present.
Fig. 5 shows the flexural stiffness of hollow and concrete filled
(uncracked and cracked) beams. The average flexural stiffness, EI
of the hollow section is 2.38  1011N mm2. This value was calcu-
lated using the equation:
EI ¼ Pa
48D
ð3L2  4a2Þ ð1Þ
where EI is the effective flexural stiffness in N mm2; P is the applied
load in N; a is the shear span which is the distance between the sup-Fig. 5. Comparison of flexural stiffness.port and the nearest point load in mm; D is the mid-span deflection
in mm; and L is the span in mm. As mentioned earlier in this sec-
tion, due to the trivial ratio of the first part of the curves in Fig. 3,
Eq. (1) can be used to calculate the flexural stiffness of the infilled
sections. The uncracked flexural stiffness of the filled beams is
3.19  1011 N mm2 for 10 MPa concrete and 4.19  1011 N mm2
for 43 MPa concrete. This result showed that the flexural stiffness
of beams with uncracked concrete infill is higher by 34, 55 and
75% for 10, 37 and 43 MPa, respectively, compared to the hollow
section. On the other hand, the flexural tensile cracking of the con-
crete core results in a section with a reduced moment of inertia. In
this condition, the flexural stiffness of the beam for all concrete
strengths is approximately 26% higher than the hollow section.
Interestingly, the flexural stiffness of the beams with concrete infill
is almost same. This can be explained by the extent of the depth of
the cracked concrete as explained previously. It can also be seen in
Fig. 4 that at specific load level, H-10 showed higher compression
strain reading compared with H-37 and H-43 while the tension
strain seems to be similar for all concrete types. Compared with
H-37 and H-43, higher strain reading for H-10 resulting from higher
deflection experienced by this beam can be observed. With an
increase in the applied load there is an increase in the deflection
of the filled beams. The results show that at the specific load level,
the mid-span deflection were 60.6, 62.3 and 63.9 mm for H-10, H-
37 and H-43, respectively. The main reason for this behaviour is
the difference in modulus of elasticity of the concrete core. This is
evident from the experimental results that filling the tube with
low strength concrete resulted in higher curvature compared with
other concrete strengths as shown in Fig. 6. On the other hand, it
should be noted that due to the effect of the cracked section, the
bottom fibre showed approximately similar tensile strain reading
which result in different compression strain values to maintain
the balance of the internal forces depending on the strength of
the concrete core. This behaviour explains the slightly lower failure
load of H-10 compared to H-37 and H-43. Consequently, the beam
failed when the top fibre of the GFRP tube reaches a compressive
strain near or equal to the maximum compressive strain deter-
mined from the coupon test.
3.2. Strain response
Fig. 7 shows the load and strain (at mid span at the topmost and
bottommost section) relationship of the hollow and concrete filled
beams. It can be seen that the hollow section failed at a compres-
Fig. 6. Moment-curvature behaviour of the tested beams.
Fig. 7. Load–strain behaviour of the tested beams: (a) hollow, (b) filled.
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trains. With increasing load, however, the measured strain tend to
become positive indicating that the top surface is shifting from
compression to tension as shown in Fig. 7a. This behaviourindicates the initiation of the local buckling of the tube. For beams
with concrete infill, a slight decrease in stiffness at a tensile strain
of 140 microstrains (load between 3.1 and 4.4 kN) was observed.
This decrease in stiffness can be related to the initiation of tensile
cracks in the concrete core. The filled sections failed at tensile
strains of 12,400, 14,800 and 14,820 microstrains for H-10, H-37
and H-43, respectively as shown in Fig. 7b. These strain levels were
approximately 77, 92 and 93% of the maximum strain of pultruded
section determined from the test of coupons (Table 1). Thus, it is
concluded that no tension failure had occurred at the onset of
the final failure. On the other hand, the maximum measured com-
pression strains were 11,100, 11,200 and 11,250 microstrains for
H-10, H-37 and H-43, respectively. These values are 97, 98 and
98.5% of the ultimate compressive strains of the pultruded GFRP
tubes which indicates that the filled sections failed at onset of
the compression failure. Furthermore, the slight differences
between the failure compression strains of the filled sections indi-
cate that for all concrete strengths, the concrete core prevents the
occurrence of premature local buckling and supported the top wall
of the section. As a result, the section failed at strain of 11200
microstrains which represents the highest compression strain
achieved in coupon tests. It can also be noticed from Fig. 7 that
there was no clear drop in the curve until failure with good strain
distribution on both sides indicating that there was no major slip
occurred between concrete and the GFRP tube.
3.3. Failure mode
Fig. 8(a–d) shows the typical mode of failure of the hollow and
filled beams tested under 4-point bending. The experimental
results illustrate that the hollow beams failed in a brittle manner.
The failure started at the web-flange junctions and followed by
premature buckling and crushing in the webs as shown in Fig. 8a.
Similar behaviour has been reported in the literature [25,28,29] on
flexural behaviour of 125, 100, 76 mm square pultruded GFRP
beams. The main reason for this failure is the local buckling in
the thin wall which results in material delamination and cracking
of the fibres along the edges of the beam under the load
application.
Fig. 8(b), (c) and (d) show the failure modes of GFRP beams
filled with 10, 37.5 and 43.5 concrete strength, respectively. The
failure of all filled beams was due to flexural compression at the
constant moment region including cracks in the fibres in the trans-
verse direction. It was observed that delamination crack happened
at the compression surface which later progressed into the sides.
The complete failure occurred after the fibre cracking in the com-
pression side (at strain level approximately 11,200 microstrains).
This strain level is far greater than the failure strain of the hollow
section (3140 microstrains) which indicates that the concrete infill
prevented the occurrence of local buckling.
The crack pattern in the concrete core was examined by care-
fully removing the GFRP tube after failure as shown in Fig. 9. The
figure clearly shows that flexural cracks were developed at the bot-
tom of the beam between the loading points. Also, the cracks prop-
agated up to the depth of the concrete infill. H-37 and H-43 beams
showed distinct flexural cracks as shown in Fig. 9b and c whereas
H-10 beam shows fine cracks as can be seen from Fig. 9a. A similar
behaviour was reported by Vincent and Ozbakkaloglu [27] and it
can be attributed to the brittleness of concrete which increases
with increasing concrete compressive strength. As a result, the
concrete crack pattern changes from fine microcracks to localised
macrocracks. It is also interesting to note that although the com-
plete failure occurred at a strain level of 11,200 microstrains
(which is too far away from concrete compression strain of 3000
microstrains), there was no concrete crushing observed at the com-
pression side except the case of section H-43 which might have
(b) H-10(a) H-0
(c) H-37 (d) H-43
Compression 
Buckling
Web- flange 
separation 
Web crush 
Transverse 
Compression cracks
Web crush
Transverse 
Compression cracks
Web crush
Transverse 
Compression cracks
Web crush
Fig. 8. Failure modes of the tested beams.
(a) H-10 (b) H-37 (c) H-43
Fig. 9. Crack pattern at failure of the tested beams.
M. Muttashar et al. / Composite Structures 145 (2016) 58–67 63happened after the final failure. This suggests that there is a partial
confinement by the GFRP section which in turn kept the concrete
under compression intact until failure of the tube.4. Theoretical analysis
4.1. Analytical model
Fibre Model Analysis (FMA) implemented previously [30] for
the analysis of sandwich composite beams is used to predict
the flexural behaviour of the concrete filled GFRP beams. The
analytical model (as shown in Fig. 10) involves the determina-
tion of the position of the neutral axis for a given strain of the
extreme compression fibre by using the principles of strain com-
patibility and cross sectional forces equilibrium. The analytical
procedure starts by dividing the cross- section into a number
of layers. Based on the appropriate stress–strain model for each
material, the stress for each layer is determined depending on
the corresponding strain. The internal force at each layer is then
calculated by multiplying the stress by the area of layer and the
bending moment is obtained by multiplying the force by the dis-
tance of the layer from the neutral axis of the section. Using this
procedure, the flexural behaviour is determined, and then com-
pared with experimental results.
The assumptions in the analysis include:(1) Euler–Bernoulli beam theory.
(2) Strain distribution throughout the depth of the section is
linear.
(3) Perfect bond between pultruded section and the concrete
core.
(4) Confinement effect is considered.
(5) Cracked analysis is implemented.
(6) Pultruded GFRP section behaves linear elastically until
failure.
(7) Stress–strain curve for the GFRP tube was based on full
section behaviour (Fig. 11).
The confinement effect plays an important role in choosing the
appropriate stress–strain behaviour for concrete. This is consid-
ered in the analysis of the flexural behaviour of the concrete filled
GFRP tubes. The existing design-oriented stress–strain models for
FRP-confined concrete typically followed a bilinear stress–strain
curve [31–33]. The bilinear curve consists of a parabolic
ascending branch followed by straight line to describe both the
ascending and descending branches of the stress–strain curves
of confined concrete [34,35]. The parabolic portion is commonly
used in several codes of practice such as BS 8110 and Eurocode
2 [35] which was originally proposed by Kent and Park [36].
This curve used to describe the ascending portion of the stress–
strain curve of unconfined concrete given by the following
equation.
Htf
tc
tf
B
yc
N.A
Layer 1
Strain 
Layer 
Layer 
Concrete stress GFRP tube Resultant forces 
C Tube flange
C concrete
C Tube web
T Tube flange
T Tube web
top
Fig. 10. Assumed strain and stress distribution in the FMA.
Fig. 11. Stress–strain model for GFRP tube.
Fig. 12. Stress–strain model for confined concrete.
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where rc in MPa and ec represent the stress and strain, respectively,
while f 0co in MPa and eco are the unconfined concrete cylinder
strength and the corresponding strain, respectively. For the defini-
tion of the linear second part of the curve, several researches were
conducted to determine its slope. In fact, all the conducted research
agreed that the FRP confinement is activated once micro-cracks in
concrete are initiated under loading which means it is important
to determine the correct slope of the second part. Existing studies
shows that due to the presence of a strain gradient over the section
in flexural, the confinement of FRP to concrete is less effective in
sections under bending than in sections under compression
[18,37]. However, it is still significant and important to be consid-
ered in predicting the load-carrying capacity of the CFFTs [38,39].
Fam et al. [40] suggested that for sections under pure bending
unconfined stress–strain curve can be used by considering the effect
of strain gradient on the effectiveness of concrete confinement. As a
result, they recommended using an ultimate strain higher than that
of unconfined concrete, however, their direct use of unconfined
stress–strain concrete model result in underestimation of the
load-carrying capacity of the filled beams.
In the present study, a similar elastic modulus in both tension
and compression has been assumed for the concrete. Tensile crack-
ing was assumed to occur at a tensile strain of 120 microstrains for
H-10, H-37 and H-43, respectively. The contribution of the con-
crete in tension is neglected after tensile cracking. Partial confine-
ment model is used in this study which is composed of a parabolic
ascending branch following [34] and a horizontal (zero slope)branch following [40] which provides the lower bound for the vari-
able confinement model as described in the following equation:
rc ¼ f 0co when ec > eco ð3Þ
The partial confinement model is thus described by Eqs. (2) and
(3) as shown in Fig. 12. Same model was proposed [38] for hybrid
FRP-concrete-steel double skin tubular sections under bending
which showed close predictions withthe test results. Based on
the experimental observations, the ductility and strain of concrete
are increased significantly beyond 0.003. It is also well established
that failure of concrete filled FRP tubes system is normally gov-
erned by local buckling failure of the FRP tube in the compression
region before complete failure of the concrete inside. For this fail-
ure mode, eco can be conservatively assumed to be equal to the
design ultimate axial strain obtained from the axial compression
tests of hollow FRP tubes due to the fact that the failure strain of
the FRP tubes in the filled beams is more than that of hollow tubes.
4.2. Failure load prediction
The cracking and failure load of the hollow and filled sections
were predicted using FMA described in the previous section. In
the experimental program, it was observed that the compression
failure of the hollow and filled pultruded sections is the dominant
mode of failure. For hollow sections, the top fibre compression
strain reached 6100 microstrains while the corresponding strain
was 11,200 microstrains for the filled sections regardless of the
concrete compressive strength. The main reason for the failure of
the hollow GFRP profile at lower strain is the local buckling effect.
Introducing the concrete infill to the section prevented the local
Table 3
Experimental and predicted failure load of hollow and filled pultruded section.
Sample designation Experimental load kN Theoretical prediction
kN
Cracking Failure Cracking Failure
H-0 – 80.8 – 80.7
H-10 3.1 163 2.98 162.6
H-37 4.25 189 4.2 188.5
H-43 4.38 195 4.28 193.4
M. Muttashar et al. / Composite Structures 145 (2016) 58–67 65buckling of the GFRP tube. As a result, the compression strain
reached its highest value. The cracking load was predicted as the
load corresponding to a strain of 120 microstrains which was cal-
culated based on the cracking strength of concrete and the modu-
lus of elasticity of the concrete. According to the Australian
standard AS 3600 [41], the cracking strength of concrete f cr in
MPa can be calculated as follows:
f cr ¼ 0:6
ffiffiffiffi
f 0c
q
ð4Þ
where f 0c is the concrete compressive strength at 28 days in MPa.
Table 3 shows the predicted cracking and failure loads along with
corresponding values. Partial confinement model using Eqs. (2)
and (3) has been used to simulate the stress–strain behaviour of
the concrete core.
The results indicate that the failure loads of the concrete filled
beams can be predicted well using the elastic properties of the
full-section GFRP profile and the strength properties determined
from coupon tests together with the use of the partial confinement
stress–strain model. The predicted cracking and failure loads of all
specimens are less than 1% different from the measured values.(a) H-0
(c) H-37
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Fig. 13. Comparisons of mid sp4.3. Load–deflection relationship
The FMA was extended to predict the load–deflection behaviour
of the hollow and filled pultruded sections using shear deformation
theoryproposedbyTimoshenko in1921 [42] . In this theory, the con-
tributionof bending and shear deflectionhas beenaccount for in cal-
culating total deflection. The total deflection atmid span in a simply
supported beam under four-point bending can be calculated by:
D ¼ M a
2
3EI
þ 1
2EI
L2
4
 a2
 !" #
þ Pa
2KGA
ð5Þ
where D is the deflection at mid span in mm, M is the applied
moment in N mm, EI is the flexural stiffness in N mm2, GA is the
shear stiffness (or transverse shear rigidity) in N and K is the shear
coefficient. Two configurations of the test specimen-hollow and
filled-have been used. As a consequence, two different K values
need to be implemented in the calculations. For homogenous and
hollow box profile, K was calculated using the equation recom-
mended by Bank [43]:
K ¼ 80
192þ ð12  v  G=EÞ ð6Þ
where E is the modulus of elasticity in MPa, G is the shear modulus
in MPa and t is the Poisson’s ratio. It is well known that the trans-
verse shear rigidity is a function of the shear flow across the section,
which depends on the thickness of the cross section. As a result, due
to the change of the section configuration from hollow to filled, all
cross section is assumed to contribute in the shear deflection calcu-
lation. Thus, a value of K ¼ 1 is used for the case of filled section. In
Eq. (6), t, G and E refer to the longitudinal Poisson’s ratio, shear
modulus in MPa and Modulus of Elasticity of the section in MPa,
respectively. Fig. 13(a–d) shows comparisons between the(b) H-10
(d) H-43 
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Fig. 14. Comparisons of load–strain curves.
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the hollow and filled beams. Using GFRP properties determined
from the full scale test and concrete properties, the theoretical
results agree well with the experimental test results up to failure.
The figure shows that the difference between the theoretical and
the experimental results are less than 1% for all beams. Similarly,
it is evident from the curves that the assumed value of K = 1 for
beams with concrete infill was valid for all concrete strength.
4.4. Load–strain relationship
Fig. 14(a–d) shows comparisons of predicted and experimental
load–strain curves for hollow and filled sections. The strain val-
ues presented are those of the extreme fibre at the mid-span.
The experimental results shows a linear relationship in tension
and bilinear in compression side. For the hollow section, there
is a slight difference between the analytical and the experimental
results in the compression side. The main reason for this diver-
gence is the effect of local buckling which is not considered in
the theoretical model. On the other hand, the analytical results
agree well with predicted load–strain relation in tension.
The good agreement between the analytical and experimental
results for all concrete types confirms the validity of the partial
confined model in predicting the load–strain relation. Similarly,
the load–strain relationship shows a higher strain in the tension
compared with compression side, which confirms the tensile
cracking of the concrete and decreasing its contribution in the flex-
ural stiffness. Finally, the assumption of compatibility of strains
through the depth of the section and the equilibrium of the inter-
nal force resultants are valid.5. Conclusions
This study has presented the results of four point bending tests
on hybrid concrete filled GFRP tubes. The main parameter exam-
ined in this study is the compressive strength of concrete core. A
simple theoretical model was implemented and used to predict
the behaviour of the tested beams. Based on the results, the follow-
ing conclusions can be drawn:
 Hollow beams failed due to premature buckling and web
crushing of the GFRP tube at 291 MPa. This level of stress is only
45% of the compressive strength determined from the coupon
tests.
 The concrete filled GFRP sections failed at a load 100–141 %
higher than its hollow counterpart and exhibited 25% higher
stiffness. The failure of these beams was compressive failure
of the GFRP tube at a strain similar to the compressive strain
determined from the coupon tests.
 The increase in concrete compressive strength from a low
10 MPa to a high strength 43.5 MPa increased the ultimate load
by 19%. Similarly, the flexural stiffness of the beam with con-
crete infill is almost the same after the initiation of the flexural
tension cracks in the concrete core.
 Use of low strength concrete can be considered as a practical
solution to fill the GFRP tubes to prevent local buckling and
improve the overall flexural behaviour.
 The simplified Fibre Model Analysis can accurately predict the
flexural behaviour of the hollow and concrete filled GFRP tubes.
For the hybrid beams, partial confinement of the concrete infill
should be considered.
M. Muttashar et al. / Composite Structures 145 (2016) 58–67 67 The theoretical prediction of the concrete cracking and the fail-
ure loads for the concrete filled GFRP tubes using the elastic
properties of the full-section GFRP tubes and the strength prop-
erties determined from the coupon test is in close agreement
with the experimental results.
Acknowledgements
The authors are grateful to Wagner’s Composite Fibre Technolo-
gies (WCFT), Australia for providing all the GFRP tubes in the
experimental programme. The first author would like to acknowl-
edge the financial support by the Ministry of Higher Education and
Scientific Research-Iraq.
References
[1] Hollaway L. A review of the present and future utilisation of FRP composites in
the civil infrastructure with reference to their important in-service properties.
Constr Build Mater 2010;24:2419–45.
[2] Ascione L, Berardi VP, Giordano A, Spadea S. Buckling failure modes of FRP
thin-walled beams. Compos B Eng 2013;47:357–64.
[3] Neto A, Rovere H. Flexural stiffness characterization of fiber reinforced plastic
(FRP) pultruded beams. Compos Struct 2007;81:274–82.
[4] Fam AZ, Rizkalla SH. Confinement model for axially loaded concrete confined
by circular fiber-reinforced polymer tubes. ACI Struct J 2001;98.
[5] Fam AZ, Rizkalla SH. Behavior of axially loaded concrete-filled circular fiber-
reinforced polymer tubes. ACI Struct J 2001;98.
[6] Mirmiran A, Shahawy M. A new concrete-filled hollow FRP composite column.
Compos B Eng 1996;27:263–8.
[7] Mohamed HM, Masmoudi R. Axial load capacity of concrete-filled FRP tube
columns: experimental versus theoretical predictions. J Compos Constr
2010;14:231–43.
[8] Ozbakkaloglu T. Axial compressive behavior of square and rectangular high-
strength concrete-filled FRP tubes. J Compos Constr 2012;17:151–61.
[9] Ozbakkaloglu T, Oehlers DJ. Concrete-filled square and rectangular FRP tubes
under axial compression. J Compos Constr 2008;12:469–77.
[10] Ozbakkaloglu T. Concrete-filled FRP tubes: manufacture and testing of new
forms designed for improved performance. J Compos Constr 2012;17:280–91.
[11] Ozbakkaloglu T, Akin E. Behavior of FRP-confined normal-and high-strength
concrete under cyclic axial compression. J Compos Constr 2011;16:451–63.
[12] Xiao Y, Wu H. Compressive behavior of concrete confined by carbon fiber
composite jackets. J Mater Civ Eng 2000;12:139–46.
[13] Teng J, Lam L. Behavior and modeling of fiber reinforced polymer-confined
concrete. J Struct Eng 2004;130:1713–23.
[14] Yu T, Teng J. Design of concrete-filled FRP tubular columns: provisions in the
Chinese technical code for infrastructure application of FRP composites. J
Compos Constr 2010.
[15] Binici B. An analytical model for stress–strain behavior of confined concrete.
Eng Struct 2005;27:1040–51.
[16] Roeder CW, Lehman DE, Bishop E. Strength and stiffness of circular concrete-
filled tubes. J Struct Eng 2010;136:1545–53.
[17] Davol A, Burgueno R, Seible F. Flexural behavior of circular concrete filled FRP
shells. J Struct Eng 2001;127:810–7.
[18] Fam AZ, Rizkalla SH. Flexural behavior of concrete-filled fiber-reinforced
polymer circular tubes. J Compos Constr 2002;6:123–32.[19] Fam A, Cole B, Mandal S. Composite tubes as an alternative to steel spirals for
concrete members in bending and shear. Constr Build Mater 2007;21:
347–55.
[20] Chen DS, El-Hacha R. Flexural behaviour of hybrid FRP-UHPC girders under
static loading. In: Proceedings of 8th International Conference on Short and
Medium Span Bridge Niagara Falls, Canada; 2010.
[21] Aydin F, Saribiyik M. Investigation of flexural behaviors of hybrid beams
formed with GFRP box section and concrete. Constr Build Mater
2013;41:563–9.
[22] Fam A, Flisak B, Rizkalla S. Experimental and analytical modeling of concrete-
filled fiber-reinforced polymer tubes subjected to combined bending and axial
loads. ACI Struct J 2003;100.
[23] Mohamed HM, Masmoudi R. Flexural strength and behavior of steel and FRP-
reinforced concrete-filled FRP tube beams. Eng Struct 2010;32:3789–800.
[24] ISO 1172. Textile-glass-reinforced plastics, prepegs, moulding compounds and
laminates: Determination of the textile-glass and mineral-filler content-
Calcination methods; 1996.
[25] Muttashar M, Karunasena W, Manalo A, Lokuge W. Behaviour of hollow
pultruded GFRP square beams with different shear span-to-depth ratios. J
Compos Mater 2015. 0021998315614993.
[26] ASTM D7250. ASTM D7250/D7250M-06 Standard practice for determine
sandwich beam flexural and shear stiffness. West Conshohocken, (PA): ASTM
International; 2006.
[27] Vincent T, Ozbakkaloglu T. Influence of concrete strength and confinement
method on axial compressive behavior of FRP confined high- and ultra high-
strength concrete. Compos B Eng 2013;50:413–28.
[28] Guades E, Aravinthan T, Islam MM. Characterisation of the mechanical
properties of pultruded fibre-reinforced polymer tube. Mater Des
2014;63:305–15.
[29] Kumar P, Chandrashekhara K, Nanni A. Structural performance of a FRP bridge
deck. Constr Build Mater 2004;18:35–47.
[30] Manalo A, Aravinthan T, Karunasena W, Islam M. Flexural behaviour of
structural fibre composite sandwich beams in flatwise and edgewise positions.
Compos Struct 2010;92:984–95.
[31] Fardis MN, Khalili HH. FRP-encased concrete as a structural material. Mag
Concr Res 1982;34:191–202.
[32] Samaan M, Mirmiran A, Shahawy M. Model of concrete confined by fiber
composites. J Struct Eng 1998.
[33] Saafi M, Toutanji H, Li Z. Behavior of concrete columns confined with fiber
reinforced polymer tubes. ACI Mater J 1999;96.
[34] Hognestad E. Study of combined bending and axial load in reinforced concrete
members. University of Illinois Engineering Experiment Station Bulletin; no
399; 1951.
[35] Lam L, Teng J. Design-oriented stress–strain model for FRP-confined concrete.
Constr Build Mater 2003;17:471–89.
[36] Kent DC, Park R. Flexural members with confined concrete. J Struct Div
1971;97:1969–90.
[37] Wu Z, Li W, Sakuma N. Innovative externally bonded FRP/concrete hybrid
flexural members. Compos Struct 2006;72:289–300.
[38] Yu T, Wong Y, Teng J, Dong S, Lam E. Flexural behavior of hybrid FRP-concrete-
steel double-skin tubular members. J Compos Constr 2006;10:443–52.
[39] Mirmiran A, Shahawy M, Samaan M. Strength and ductility of hybrid FRP-
concrete beam-columns. J Struct Eng 1999;125:1085–93.
[40] Fam A, Flisak B, Rizkalla S. Experimental and analytical modeling of concrete-
filled FRP tubes subjected to combined bending and axial loads. ACI Struct J
2003;100:499–509.
[41] AS3600. Concrete structure. Australian Standards; 2009.
[42] Timoshenko SP, Young DH, Weaver W. Vibration problems in engineering. In:
Vibration problems in engineering. New York: Wiley; 1974.
[43] Bank LC. Composite for construction structural design with frp materials. New
Jersey: Jone Wiley & Sons; 2006.
 66 
 
 Chapter 5: Flexural Behaviour of Multi-Celled GFRP 
Beams 
Paper III: Flexural behaviour of multi-celled GFRP composite beams 
with concrete infill; experimental and theoretical analysis 
This paper presents the flexural behaviour of multi-celled GFRP beams under 
four-point static bending test. The test parameters were the number of cells in the 
cross-section, concrete compressive strength and the percentage of concrete 
filling. Sample preparation and assembly process were described and presented in 
Figure 1 of Paper III. The tubes were glued together vertically to improve the 
stiffness capacity of the beams. Beams with 1, 2, 3, and 4 cells were tested in 
hollow and concrete-filled configurations. Based on the experimental results, the 
filled beams showed good improvement in failure load, stiffness and ductility 
than their hollow counterparts, which can be observed by comparing the area 
under the load-deflection curves of hollow and filled beams. Furthermore, the 
increased number of cells in the cross-section resulted in a change in the failure 
mode from compression failure of the top most fibre to a bearing failure. Bearing 
failure test was then conducted for hollow and filled beams to determine their 
bearing capacity. The test results were presented in Figure C.1 of Appendix C. 
The experimental results of the bearing test support the conclusion made for 
bearing failure in Paper III.  
Theoretical model was proposed to predict the failure load of multi-celled hollow 
and filled beams based on maximum stress theory which assumed that the failure 
of flexural beam will occur when the sum of the ratios of the actual shear and 
flexural stresses to that of the allowable stresses approaches unity as given by: 
𝜎𝑎𝑐𝑡
𝜎𝑎𝑙𝑙
+  
𝜏𝑎𝑐𝑡
𝜏𝑎𝑙𝑙
≤ 1    
where 𝜎𝑎𝑐𝑡, 𝜏𝑎𝑐𝑡, 𝜎𝑎𝑙𝑙 and 𝜏𝑎𝑙𝑙 are the actual and allowable flexural and shear stresses, 
respectively. In general, the model gave reliable estimation of the failure load of the multi-
celled beams. Moreover, the results of the study enabled the identification of several 
parameters that affect the behaviour of multi-celled beams such as number of cell, shear span-
to-depth ratio and filling percentages. The effect of these parameters were investigated 
theoretically to come up with a simplified prediction equation and developed a failure 
mechanisms map for multi-celled GFRP beam sections, which was the focus of Paper IV. 
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This research introduces multi-celled glass fibre reinforced polymer (GFRP) beam sections partially filled
with concrete. Hollow pultruded GFRP square tubes (125 mm  125 mm  6.5 mm) were bonded
together using epoxy adhesives to form the beams using 2–4 cells. Concrete with 15 and 32 MPa com-
pressive strengths was used to fill the top cell of the multi-cell beams. These beams were then tested
under static four-point bending and their behaviour was compared with hollow beams. The results
showed that up to 27% increase in strength was achieved by using multi-cell beams compared to a single
cell beam. Filling in the top cell of the beams with concrete enhanced the capacity as well as the stiffness
of the beams. The multi-celled GFRP beams filled with concrete at the top cell failed at 38–80% higher
load and exhibited 10–22% higher stiffness than their hollow counterparts. The increase in the compres-
sive strength of the concrete infill from 15 MPa to 32 MPa resulted in up to 14% increase in the failure
load but did not enhance the flexural stiffness. Finally, the proposed prediction equation which account
for the combined effect of shear and flexural stresses showed a good agreement with the experimental
results for hollow cells and up to 3 cells of concrete filled beams. The bearing stress equation gave a better
estimation for 4-cell filled section.
 2016 Elsevier Ltd. All rights reserved.1. Introduction
The corrosion of steel reinforcement is considered the greatest
factor limiting the service life of reinforced concrete structures.
Thus, innovative and cost-effective materials offering long-term
durability and requiring less maintenance, like glass GFRP, are
becoming attractive for use in civil engineering applications. Sev-
eral projects in the construction industry have benefited from the
low cost to high-strength of pultruded GFRP thin-walled tubes
[1–3]. Despite their many advantageous properties, the relatively
low elastic modulus of pultruded GFRP composites resulted in
their design governed by serviceability requirements which pre-
vented the full utilisation of their high tensile strength. Similarly,
their hollow sections are prone to compression (bending) buckling
failure [4,5], web-flange junction failure in the compression zone
[6,7] and local buckling of walls due to in-plane compression[8–10]. These limitations of pultruded GFRP sections should, there-
fore, be addressed for their wide acceptance and use in civil engi-
neering applications.
Several researches proposed different geometrical configura-
tions and material combinations to improve the structural perfor-
mance of hollow pultruded FRP profiles. Hejll et al. [11]
experimentally investigated the flexural behaviour of composite
beams made by gluing together square GFRP profiles with a layer
of carbon FRP bonded to the flanges. They concluded that assem-
bling the profiles together provided a systemwith a higher stiffness
than individual GFRP profiles to satisfy the requirement for a com-
posite bridge. However, the composite beams failed at a strain of
around 7500microstrains, which are only 60% of the strain capacity
determined from the coupon tests. They documented that this
behaviour mainly resulted from the buckling failure of the top
flange of the square pultruded profile. Kumar et al. [12] and Kumar
et al. [13] conducted experimental investigations on 76 mm square
hollow pultruded GFRP tubes to evaluate their flexural perfor-
mance. Two, four and eight layered tubes were bonded together
using epoxy adhesive and tested under four-point bending test. In
the four and eight layered assembly, the layers of FRP tubes glued
together such that each layer is perpendicular to the ones above
Table 1
Properties of the pultruded GFRP profiles.
Material property Symbol Property value unit
Density q 2050 kg/m3
Tensile stress rt 596 MPa
Tensile strain Ɛ t 16,030 microstrain
Compressive stress r c 550 MPa
Compressive strain Ɛ c 11,450 microstrain
Inter-laminar shear s 86 MPa
Elastic modulus E 47.2 GPa
Shear modulus G 4 GPa
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showed a good flexural performance and met the strength require-
ment and the other necessary performance criteria of bridge deck
applications. However, web-flange junction failure and twisting of
the top layer were observed followed by debonding failure between
the layers due to the increased number of tubes in the four- and
eight-layered beams. In contrast, the two-layered beams exhibited
local buckling failure. Satasivam and Bai [14] and Satasivam and Bai
[15] conducted experimental investigations onmodularweb-flange
FRP-steel composite systems and GFRP web-flange sandwich sys-
tems for beam and slab applications. The modular sandwich sys-
tems were prepared via adhesive or novel bolted connections. The
results show that the FRP – steel composite systems failed due to
premature local crushing of the box profiles situated directly
underneath the loading point. On the other hand, the GFRP web–
flange sandwich systems showed shear crack originating from the
region of maximum shear for specimens with low shear span to
depth ratio (a/d = 8) while longer specimens of (a/d = 24) failed by
separation of the web–flange junction and buckling of the web. In
another study, Hayes et al. [16] and Schniepp [17] conducted exper-
imental work on pultruded double web beams (DWB) under three-
and four-point bending. The beam composed of both E-glass and
carbon fibres in a vunyl ester resin. The beams consistently failed
within compression flange at the interface between carbon and
glass fibres. Again, the delamination within the compression flange
was the final failure mechanism of the DWB. Hayes and Lesko [18]
indicated that the relatively thick flange and the free edge effect for
these type of composite beams have played a major role in the ini-
tiation of the delamination at the interface between the laminates.
Hybrid structural systems wherein GFRP box beam sections
were combined with a concrete layer cast onto the top flange
and/or a thin layer of carbon fibre bonded to the tension side were
developed to prevent the local buckling in the compression flange
and delamination failure of the hollow composites sections
[19–21]. Moreover, it can also increase the stiffness and strength
of the composite section and reduce the deflection at failure [22].
The addition of stiffer carbon fibres on the bottom flange can fur-
ther improve the stiffness of the hybrid composite beams. However,
most hybrid composite beams failed in a brittle manner due to the
failure in the adhesion between the pultruded section and the con-
crete layer [23]. In order to prevent the adhesion failure, several
researchers completely filled the hollow composite sections with
concrete instead of just bonding them on top flanges [24–27]. This
approach is not optimal for applications governed by pure bending
due to tension cracking in the concrete which decreases the con-
crete core contribution to the bending resistance [28]. Furthermore,
this method diminishes the light weight characteristics of FRP pro-
files. Therefore, several researchers developed hybrid composite
beam systems wherein inner GFRP tube is provided to create a void
near the tensile zone [25,29,30]. The results indicated that the
strength and stiffness of the hybrid beams with inner hole are
increased compared with those of a totally filled tube. In a recent
study on hybrid composite beam where the concrete was rein-
forced with steel to minimise tensile cracking and a void was intro-
duced towards the tensile zone [28], the behaviour of the composite
beamwas compared with a conventional RC beam of the same size.
The results showed that the flexural strength of the composite
beam is 229% higher than that of a conventional RC beam. However,
these researches highlighted that failure due to inward buckling,
relatively large slippage between concrete and inner steel or GFRP
tube are the main factors that affected the flexural behaviour of
the tested beams. Additionally, in the applications which required
larger beam sizes, the flexural compression strength failure
decreases as the beam size increases [31]. Furthermore, the addi-
tion weight of the inner tube and the bond between concrete and
GFRP remain critical issues in this combination.The abovementioned previous studies highlighted the following
points: (i) effectiveness of GFRP profiles in the construction indus-
try; (ii) instability and failure of hollow beams due to local buck-
ling and delamination of the compression flange; (iii) flexibility
in design from assembled pultruded tubes together; (iv) enhance-
ment of strength and serviceability by filling GFRP tubes with con-
crete; and (v) maintaining the lightweight characteristics of FRP
materials by creating voids in the tension zone of infilled concrete.
Based on these important characteristics, the concept of assem-
bling pultruded sections together is explored in this study in order
to get benefit of the high sectional moment of inertia of the multi-
celled section and flexibility in design. This multi-celled beam con-
cept was achieved by gluing together 2, 3, and 4 GFRP sections
with 125 mm  125 mm cross section. Moreover, partial filling is
introduced by filling only the top cell of the multi-celled beams
with concrete having two different compressive strengths to pre-
vent local buckling failure but keeping the weight minimum. An
experimental investigation was then conducted to evaluate the
flexural behaviour of these beams and comparison was made with
the behaviour of their hollow counterparts. The comparison
includes the moment and deflection behaviour, ultimate capacity,
and failure mechanism. Simplified prediction methods were also
proposed to determine the failure load of the hollow and filled
multi-celled beams accounting for the combined effect of shear
and flexural stresses. The predicted failure load was then compared
with the experimental results.
2. Experimental program
2.1. Material properties
The hollow pultruded GFRP square tubes (125 mm 
125 mm  6.5 mm) used in this study are made up of vinyl ester
resin and E-glass fibre reinforcement. The tubes consisted of nine
plies of [0/+45/0/45/0/45/0/+45/0] E-glass fibre manu-
factured using pultrusion process by Wagner’s Composite Fibre
Technologies (WCFT), Australia. Tensile and compressive strength
properties along the longitudinal direction were evaluated by test-
ing coupon specimens following ASTM Standard D 695 [32] and
ISO 527-2 [33] standards and are reported in Table 1. On the other
hand, the elastic modulus and shear modulus were determined
from tests of the whole section in a previous study by the authors
[34]. The burnout test conducted as per ISO 1172 standard [35]
revealed that the density and the fibre volume fraction are
2050 kg/m3 and 78% by weight, respectively. Two types of concrete
were used to fill the beams, i.e. Bastion premix concrete and
cement grout.
2.2. Sample preparation
Fig. 1 shows the preparation of specimens wherein the square
pultruded section represents the main component of the multi-
cell beams. Prior to bonding, the surfaces of the square sections
Fig. 1. Preparation process of pultruded sections assembly.
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(Fig. 1a). GFRP profiles were then assembled and bonded together
in 2, 3, 4 cells (Fig. 1b). The adhesives used for bonding the profiles
are the Techniglue-HP R26 supplied by ATL composites Pty Ltd. It is
a thixotropic, solvent free, toughened epoxy resin which is mixed
with H26 hardener and with mechanical properties listed in
Table 2. Approximately 1 mm thick bond line was applied (Fig. 1c).
The bonded sections were then clamped (hand tight) to provide the
necessary bond pressure during adhesive curing (Fig. 1d). The
excess adhesives were removed from the sides of the bonded
beams. After that, the beams were left to harden for 5 days at
ambient temperature.
Fig. 2 shows the filling process of the pultruded beams with
concrete. The beams were fixed in a vertical position prior to cast-Table 2
Mechanical properties of TENCHNIGLUE-HP R26 epoxy adhesive.
Property Symbol Value Test method
Tensile strength f t 34.1 MPa ISO 527–2
Tensile Modulus Et 2409 MPa ISO 527–2
Lap shear strength f v 11.9 MPa ASTM D3161
Heat deflection temperature HDT 85 C ISO 75
Notes:
1. The properties in the table are per the ATL Engineering data sheet.
2. The values in the table are based on a cure schedule of 24 h @ ambient + 8 h @
80 C.ing. The concrete was prepared and mixed for 10 min and then
poured into the beams. Five concrete cylinders were sampled from
each batch for strength testing and cured under the same condi-
tions as the beam specimens. The 28 day average compressive
strength for the Bastion premix concrete and the cement grout
were 15 and 32 MPa, respectively. The reason for using two types
of concrete infill is to investigate their strength effect on the beha-
viour of the filled beams. After filling, the specimens were cured for
28 days at ambient temperature before they were tested. Prior to
the test, plastic square inserts were used for the hollow and filled
beams at the loading and support points to prevent any indenta-
tion and/or crushing failure at those points and to allow the beam
to fail at the location of the maximum and constant bending
moment as shown in Fig. 3a.
2.3. Specimen details
The details of the tested beams are given in Table 3. In the table,
the specimens were identified by codes. The specimen length
depends on the total depth of the beam to maintain the shear span
to depth ratio (a/d) at 4.2. The beams were then divided into three
groups according to the section configurations as hollow (H), filled
with low strength concrete (H-15) and filled with cement grout
(H-32). In the identifications 1C, 2C, 3C and 4C, the first number
represents the number of cells and the letter C indicates that they
are bonded cells. Two beams were tested for each combination.
Fig. 2. Filling process of the pultruded beams with concrete. (a) Plastic inserts, (b)
Steel angles and steel chains.
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A static four – point bending test of the pultruded beams (Fig. 4)
was performed following the ASTM D7250 [36] standards. The load
was applied at two points with a load span of 300 mm. A 2000 kN
universal testing machine was used for applying the load at a rate
of 3 mm/min. A laser displacement transducer was used tomeasure
the mid span deflection. Additional steel angles and steel chains
were used at the supports to avoid any rotation or lateral buckling
(Fig. 3b). Uni-axial strain gauges (type PFL-20-11-1L-120) were
used tomeasure the strain at the top and bottom faces of the beams.
The applied load and the displacement were measured and
recorded using a data logger System 5000. All specimens were
tested up to failure to observe the failuremechanisms of the beams.
3. Experimental results and observations
3.1. Flexural behaviour
The test results of the flexural behaviour of single and multi-cell
GFRP pultruded beams under four-point bending are given in(a) Plastic inserts 
Fig. 3. Supporting procedurTable 4 and the moment – displacement behaviour of the tested
beams with 1, 2, and 3 cells are presented in Figs. 5–7, respectively.
The figures illustrate that the moment increased almost linearly
with the deflection up to failure for all the tested beams. Failure
of hollow beams was identified as a compressive buckling of the
top flange at the constant moment region, while the filled sections
failed due to the initiation of compression failure on the top fibres
of the section. The failure moment was calculated for each beam
based on the failure load and the shear span. Top and bottom fail-
ure strains are corresponding to the failure loads. The mode of fail-
ure for each specimen is also shown in Table 4.
The table and the figures show that the failure moment
increased by 105%, 63%, 58% and 38% for 1, 2, 3 and 4 cells beams
filled with 32 MPa infill, respectively, compared with hollow spec-
imen. Single cell specimen filled with 32 MPa compressive
strength concrete exhibited approximately 14% higher failure
moment than specimen filled with 15 MPa compressive strength
concrete. A similar behaviour was observed in specimens with 2
and 3 bonded cells and the top cell filled with concrete. The results
also showed that single and multi-celled sections filled with
32 MPa concrete failed at slightly higher compression strains com-
pared to beams filled with 15 MPa concrete. This behaviour reflects
the contribution of the concrete core in the strength of the compos-
ite beam. However, the failure compression strains values vary
depending on the number of bonded specimens. The filled beams
failed at approximately 65, 41, 40 and 18% higher strains than
the hollow beams for the specimens’ 1C-H, 2C-H, 3C-H and 4C-H,
respectively. The main reason of this variation is the relationship
between the depth of the specimens and the distance between
the applied loads. When the number of bonded cells is increased,
the stress concentration increased with a constant loading dis-
tance. As a result, the section behaves in a same manner like three
point bending moment.
3.2. Failure mode
The experimental investigations showed that flexural compres-
sion failure was the dominant failure mode of all the tested beams
in this study. It is worth noting that there were no lateral instabil-
ity problems observed by the section during the entire experimen-
tal investigation. Fig. 8 shows the failure mode of the beams of 1, 2,
3, and 4 bonded cells with hollow and filled configurations. The
failure mode of hollow sections initiates due to the local buckling
(LB) of the thin walls which eventually result in material degrada-
tion and total failure of the beam. The failure occurred under one of
the point load and varied cracks appeared on the top surface of the
top cell of the section. The cracks developed perpendicular to the
longitudinal axis of the section and then progressed to the web-
flange junction due to the effect of buckling and finally these cracks
propagated into the web, leading to the final failure of the speci-(b) Steel angles and steel chains
e of the tested beams.
Table 3
Descriptions of the pultruded GFRP tested beams.
Specimen Illustration B
(mm)
D
(mm)
Lt
(mm)
L
(mm)
a
(mm)
fc0
MPa
1C-H-0 125 125 2000 1350 525 –
1C-H-15
1C-H-32
125 125 2000 1350 525 15
32
2C-H-0 125 250 2750 2400 1050 –
2C-H-15
2C-H-32
125 250 2750 2400 1050 15
32
3C-H-0 125 375 3700 3450 1575 –
3C-H-15
3C-H-32
125 375 3700 3450 1575 15
32
4C-H-0 125 500 5000 4500 2100 –
4C-H-32 125 500 5000 4500 2100 32
Lt 
300  
P/2 P/2 
L 
125  
12
5
Single 
GFRP cross 
section 
Concrete infill 
All dimensions are in millimetres 
a  a  
B
D
  
Cross 
section 
Fig. 4. Flexural test set-up for single and multi-cell beams.
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and 3C-H-0, respectively. It is of interest to mention that no dam-
age was observed in the second and third cells. In addition, there
was no delamination or slipping occurred on the glue line. These
results suggest that an efficient glue joint was achieved between
the pultruded sections, which was provided by the structural
epoxy adhesive used.
Fig. 8b, d and f shows the failure mode of the filled specimens
1C-H-32, 2C-H-32 and 3C-H-32, respectively. It can be seen from
the figure that the failure of the filled beams was similar to that
of hollow beams. However, those beams failed at higher moment
due to the contribution of the concrete core. Furthermore, the pres-
ence of the concrete core, however, prevented the local buckling of
the compression flange which resulted in higher failure strain com-pared with the hollow beams. Again, the failure started at the com-
pression flange with fibre damage, matrix cracking and
delamination. The failure then progressed into the web due to
the progress of the flexural cracks with the application of the load
and the failure of the concrete core. In contrast, the four bonded
cell section showed different mode of failure as shown in Fig. 8g.
The specimen 4C-H-32 failed due to flange-web junction failure
of the second cell resulting from bearing pressure of the top cell,
delamination and fibre cracks at the top flange, web fibre cracks,
and de-bonding between the top and second cell. This type of fail-
ure might occur due to the high bearing load level applied to the
section. Furthermore, the top filled cell played an important role
by applying bearing pressure on the second top cell which results
in high level of inter-laminar shear at the flange-web junction. It is
Table 4
Summary of the experimental test results for pultruded GFRP beams.
Specimen D
(mm)
L
(mm)
a
(mm)
Failure load
(kN)
Failure moment
(kN m)
Deflection
(mm)
Bottom strain
l Ɛ
Top strain
lƐ
Failure mode
1C-H-0 125 1350 525 90.6 23.8 18.8 5500 4000 a LB
1C-H-15 161.5 43 29.8 9104 8113 b CF
1C-H-32 186.6 49 34 10,329 8443 CF
2C-H-0 250 2400 1050 151.2 79.4 34.7 6324 4242 LB
2C-H-15 217 114 42.7 7520 6675 CF
2C-H-32 247.6 130 48 8947 7679 CF
3C-H-0 375 3450 1575 187.5 147.6 42.4 5496 3979 LB
3C-H-15 261.6 214 55.8 7331 6928 CF
3C-H-32 294.6 232 60.5 7708 7090 CF
4C-H-0 500 4500 2100 225 236.5 48 5400 4490 LB
4C-H-32 348 365 63.9 6409 5338 c B
a LB = Local buckling failure.
b CF = GFRP material failure at the compression side.
c B = Bearing failure.
Fig. 5. Moment-displacement behaviour of 1 cell GFRP pultruded beams.
Fig. 6. Moment-displacement behaviour of 2 cells GFRP pultruded beams.
Fig. 7. Moment-displacement behaviour of 3 cells GFRP pultruded beams.
26 M. Muttashar et al. / Composite Structures 159 (2017) 21–33interesting to see that the failure of the multi-cell sections was due
to top cell failure which did not result in a total collapse of the
beam. This behaviour might be considered to be appropriate for
structural engineering designs, as the failure was not really
catastrophic.
Crack pattern of the concrete core was examined by removing
the pultruded GFRP section after failure. Fig. 9 shows the flexural
cracks of the specimens filled with concrete (15 MPa) and cement
grout (32 MPa). It can clearly be seen from the figure that flexuralcracks developed at the bottom of the beam between the loading
points. Furthermore, the cracks spread up to the depth of the con-
crete infill for single section and the bonded sections. 1C-H-32, 2C-
H-32 and 3C-H-32 beams showed distinct flexural cracks as shown
in Fig. 9 b, d, f and g while 1C-H-15, 2C-H-15 and 3C-H-15 beams
showed fine cracks (Fig. 9a, c and e). This behaviour might be
attributed to the brittleness of cement grout which increases with
increasing compressive strength. Therefore, different crack pat-
terns were observed. Fig. 6 also shows a slight difference between
the number of cracks and the cracking area of single cell specimens
compared with double and triple cell specimens. These differences
are related to the core contribution in the compression zone. On
the other hand, similar crack patterns were observed for 4C-H-32
specimen compared with 1C-H-32 specimen due to the effect of
de-bonding failure between the layers of the 4 cells beam which
increased the deflection of the top cell. It is interesting to note that
crushing did not occur for the concrete core at the maximum
moment zone although the complete failure occurred at a strain
much higher than the ultimate concrete compression strain
(Fig. 9). These results indicate that there is a partial confinement
effect of the GFRP tube to the concrete core which in turn kept
the concrete under compression intact until failure of the tube.
4. Analysis and discussion
The effect of different parameters investigated on the flexural
behaviour of multi-celled GFRP beams are analysed and discussed
in this section.
Fig. 8. Failure modes of hollow and filled pultruded GFRP beam.
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4.1.1. Hollow sections
The effect of the number of cells on flexural strength was eval-
uated by the maximum bending stress experienced by the GFRP
beams using the below equation:
Bending stress ¼ Mbc
I
ð1Þ
whereMb is the bending moment, c is the distance from the neutral
axis to the outer top fibre and I is the moment of inertia of hollow
section. The relationship of the bending stress and the number ofcells is shown in Fig. 10. It can be seen that the single cell pultruded
beam failed at a bending stress of 227 MPa. This result represents
approximately 41% of the design capacity of the section based on
coupon test results. By gluing the pultruded sections together in
2, 3 and 4 cells resulted in higher level of bending stress at failure
compared to single cells. Beams with 2, 3, and 4 bonded cells failed
at stresses of 280, 254, and 237 MPa, respectively. These stress val-
ues are 43%, 46% and 51% of the design capacities of the section
based on coupon test results, respectively. The better performance
of multi-cell than single cell can be attributed to the better stability
provided by the flanges in the glue lines. However, the beam with 2
cells performed better than 3 and 4 cells. This could be due to the
Fig. 9. Crack patterns at failure of the tested beams.
28 M. Muttashar et al. / Composite Structures 159 (2017) 21–33higher level of load needed to fail the 3 and 4 cells than 2 cells as
shown in Table 4. As the area under the loading point resisting
the applied load is the same for all the beams, the beams with 3
and 4 cells are subjected to a higher level of bearing stress at the
loading point which increases the tendency of micro-cracks forma-
tion in this zone. The same behaviour was observed by [37,38]
wherein they indicated that the failure strain and failure stress
decrease as the beam depth increases due to the micro-cracks con-
centration at the failure zone. Therefore, the failure of the beam is
directly related to the compressive strength of the beam under
the vertical loads.Fig. 10. Bending strength for the bonded pultruded GFRP sections.The effective flexural stiffness, EI of the single and multi-cell
beams was also evaluated based on the slope of the linear elastic
portion of the load and mid-span deflection curve using the
relation:
EIeff ¼ L
2a
48
3 4a
2
L2
 
DP
Dv
 
ð2Þ
where P is the total applied load, L denotes the span length, a is
the shear span, ðDP=DvÞ is the slope of the load–deflection curve,
EIeff is the effective flexural stiffness. The apparent stiffness modu-
lus, Eapp of the tested beams was then computed by dividing EIeff by
the second moment of inertia I of the hollow beam sections. Fig. 11
shows the relationship between the apparent modulus and the
number of cells. The results show that the Eapp of the single cell sec-
tion is almost equal to that of the bonded cell beams. This beha-
viour clearly shows that the apparent stiffness is not affected by
the number of bonded cells indicating that the contribution of
the shear deformation to the total deflection is similar as a result
of using same shear span to depth ratio (a/d = 4.2) for all the tested
beams. In another study, Muttashar et al. [34] found that shear
deformation contributes approximately 30% to the total deflection
of beams with a/d = 4. Another possible reason for this behaviour is
the failure of single and multi-cell beams is almost similar due to
the effect of local buckling. These results suggest that the multi-
cell sections will provide stronger beams while maintaining the
40
45
50
55
60
0 1 2 3 4 5
Number of bonded cells
32 MPa Filled
Hollow
Fig. 11. Apparent stiffness modulus for the bonded pultruded GFRP beams.
M. Muttashar et al. / Composite Structures 159 (2017) 21–33 29same effective modulus compared with single cell. However, it is
noteworthy that the failure stress values of the hollow single and
multi-cell specimens represent approximately only 50% of the
stress level determined from coupon test due to the fact that the
failure is controlled by the local buckling failure of the
compression.
4.1.2. Partially filled concrete beams
Fig. 10 shows the maximum bending stress of the single and
multi-cell GFRP beams with 32 MPa compressive strength concrete
infill. The maximum bending stress was calculated using Eq. (1).
The figure shows that single cell specimens filled with concrete
exhibited 105% higher strength than hollow specimens. This is
attributed to the contribution of the concrete core to reduce the
local deformation and improve the strength of the section. Simi-
larly filling the top cell of beams with 2, 3, and 4 cells improved
the flexural strength by 63, 57, and 38%, respectively, compared
to their hollow counterparts which reflects the positive effect of
concrete infill in preventing local buckling failure. However, the
effectiveness of the concrete infill decreases with increasing cell
numbers. These observations can be explained by the following.
First, the flexural strength of the beams is governed more by the
GFRP sections and less by the concrete infill. For all GFRP beams
tested, failure occurred in a brittle manner due to compression fail-
ure of the topmost compression fibre near the loading point. With
increasing number of cells, the effect of concrete filling on the
bending strength becomes lower due to the higher level of load
needed to fail beams compared with single cells which results in
high stress concentration between the loading points. The authors
believe that the percentage of improvement of the flexural
strength becomes higher if the stress concentration is minimised.
Fig. 11 also illustrates the effect of concrete infill on the appar-
ent stiffness modulus Eapp of single and multi-cell specimens.
Firstly, the effective flexural stiffness EIeff was calculated based
on the slope of the linear elastic portion of the load and mid-
span deflection after tensile cracking (Fig. 12) using Eq. (2) then
the I of the hollow sections has been used to calculate Eapp. It is
found that the concrete infill has a noticeable effect on the appar-
ent modulus for single and multi-cell beams. It can be seen from
the figure that the Eapp of the single cell specimens increased by
22% compare to hollow specimens while the beams with 2, 3 and
4 cells improved by 18, 17 and 10%, respectively over their coun-
terpart hollow specimens.
The failure behaviour also changes by filling the top GFRP sec-
tion with concrete as shown in Figs. 5–8. It also improved the flex-
ural stiffness of the beams to some extent. The deformation of the
infilled beams increases with the increase in the external load. This
deformation becomes higher for 2, 3 and 4 cells section due to the
increase in the applied load. Furthermore, the infilled beams show
high deflection which means high curvature. Due to the effect ofshear span to depth ratio in addition to high deflection, maximum
compressive stresses is located at the top section along the longi-
tudinal direction of the beam and compressive stresses was also
developed in the shear span along the line connecting load and
support. Theses stresses might result in high compressive stress
near the load point due to the effect of local stress concentration.
Consequently, the effect of concrete infill tends to be less for beams
with higher cell numbers in the cross section. In addition, it is obvi-
ous that the total stiffness of the composite sections is a combina-
tion of those of their components. However, due to tensile cracking
of concrete and the increase of the number of bonded cells, lower
contribution of the concrete infill was achieved. On the other hand,
even though the improvement in the flexural stiffness decreases
with increased number of cells, these percentages represent the
improvement in the flexural stiffness from the overall stiffness of
each section. That means 10% increase in the overall stiffness of
4 cell beams is more effective than the 22% increase for single cell
beams as only 25% of the section is filled while 100% is filled for the
single section. The experimental results suggested that, in the con-
struction of multi-cell pultruded beams, filling the top cell with
concrete will result in stronger and stiffer beam than the hollow
beams.
4.2. Effect of concrete compressive strength
Fig. 13 shows the influence of concrete compressive strength on
the flexural strength of beams with 1, 2 and 3 cells. The beams
filled with 32 MPa compressive strength exhibited higher flexural
strength than beams filled with 15 MPa by 16, 13 and 10% for 1,
2 and 3 cells, respectively. These percentages are minimal com-
pared to the increase in concrete compressive strength from
15 MPa to 32 MPa. The possible reason for the limited increase in
the flexural strength is that the failure of those sections is governed
by the compression failure of the pultruded profiles. In addition,
the difference in the neutral axis location might be another reason
for this variation. Concrete of low strength shows higher neutral
axis depth which results in higher contribution in the calculation
of the flexural strength. However, single specimen shows higher
strength gain compared with other specimens due to the difference
in the failure mode between single and multi-cells sections.
Fig. 14 shows the influence of concrete compressive strength on
the flexural stiffness of the 1, 2 and 3 cell beams. The flexural stiff-
ness, EI was also evaluated based on the slope of the linear elastic
portion of the load and mid-span deflection curve after flexural
tensile cracking of the concrete using Eq. (2). The main reason for
considering the EI at the cracked concrete section is that most con-
crete structures are already cracked in actual service but up to
within allowable width. The figure indicates that the flexural stiff-
ness of the beams filled with 15 MPa compressive strength con-
crete is almost similar to those beams filled with 32 MPa
concrete. It is seen that 1, 2 and 3 cells specimens filled with
32 MPa concrete are only 2.2, 1.2, and 0.4% stiffer, respectively,
than beams filled with 15 MPa concrete. Two possible reasons
may explain this behaviour. Firstly, it is clear from the experimen-
tal results that the overall behaviour of the tested beams is gov-
erned by the GFRP profile’s mode of failure due to the fact the
failure occurred at a very high strain level compared with strain
failure of concrete. Secondly, due to the difference in modulus of
elasticity between the two concrete types and after the occurrence
of tensile cracks, higher area of low strength concrete infill is
required to maintain the equilibrium in the internal forces com-
pared with higher strength concrete. Consequently, the concrete
compressive strength shows a limited effect on the flexural capac-
ity. On the other hand, although the concrete core is located in the
compression zone for beams of 3 cells or more, the mode of failure
is slightly different from that of beams of 1 and 2 cells. Figs. 8 and 9
Fig. 12. Section stiffness.
Fig. 13. Effect of concrete compressive strength on the moment capacity of the
beams with 1, 2 and 3 cells.
Fig. 14. Effect of concrete compressive strength on the flexural stiffness of the 1, 2
and 3 cells pultruded GFRP sections.
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pened in the cell located under the filled cell. This behaviour
explains the limited contribution of the concrete core on the stiff-
ness. It can be concluded that the flexural behaviour of the tested
specimens in this study was not significantly affected by the
increase in the compressive strength.
5. Theoretical analysis and evaluation
5.1. Failure load prediction
The observed failure mode of hollow beams was local buckling
of the compression flange under the loading points in addition to a
shear crack in the shear span (Fig. 8). At the location of loading, the
maximum bending moment and shear forces exist. Manalo [39]
and Awad et al. [40] highlighted that for composite beams with a
shear span-to-depth ratio (a/d) less than 4.5, failure will occurdue to a combined effect of shear and flexural stress. In the current
study, the tested beams have an a/d = 4.2. Similarly, Bank [1] stated
that, when the beam is subjected to high shear force and bending
moment, the web will experience a combination of shear stress (s)
and flexural (compressive or tensile) stress (r). Under this condi-
tion, the failure of the multi-celled composite beams is expected
to occur when the sum of the ratios of the actual shear and flexural
stresses to that of the allowable stresses approaches unity as given
by:
ract
rall
þ sact
sall
6 1 ð3Þ
where ract is the actual flexural compressive stress carried by the
topmost fibre of the GFRP tube calculated as:
ract ¼ McI ¼
Pac
2I
ð4Þ
where P is the applied load, a is the shear span, c is the distance
from the neutral axis of the section to the topmost fibre, and I is
the second moment of inertia of the section. On the other hand,
the actual shear stress sact can be determined using the below
equation:
sact ¼ VQIt ¼
PQ
2It
ð5Þ
where V represents the shear force (P/2), Q is the first moment
of area, and t is the total thickness of the section. As the elastic
instability of the pultruded GFRP sections in compression is gov-
erned by the local buckling [41], Muttashar et al. [34] suggested
to use buckling stresses, rlocalcr instead of the allowable compressive
stresses in Eq. (3). An approximate expression to determine the
buckling stresses for free and rotationally restrained orthotropic
plates has been proposed by Kollár [42]. In this method, the local
buckling stress of the section is calculated by considering the
web and flange to be separate from each other and assuming them
as orthotropic plates subjected to uniaxial compression and elasti-
cally restrained along their common edge. This buckling stress
equation is given below:
rlocalcr ¼ minfrloc;f ;rloc;wg ð6Þ
where rloc;f and rloc;w are the critical normal stresses of flanges and
webs, respectively. The critical normal stresses of the flanges and
the webs can then be written as [41].
rloc;f ¼ p
2
b2f tf
½2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDLDTÞð1þ 4:139
p
nÞ
þ ðDLT þ 2DSÞð2þ 0:62n2boxflangeÞ ð7Þ
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2
d2wtw
½13:9
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDLDTÞ
p
þ 11:1DLT þ 22:2DS ð8Þ
The compression flange will buckle before one of the webs if
ðrssssÞf =ðELÞf < ðrssssÞw=ðELÞw. In this case, the web restrains the rota-
tion of the flanges and the spring constant is given as:
kboxflange ¼ 4ðDTÞwdw 1
ðrssssÞf ðELÞw
ðrssssÞwðELÞf
" #
ð9Þ
where
ðrssssÞf ¼
2p2
b2f tf
ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDLDTÞ
p
þ DLT þ 2DSÞ ð10Þ
ðrssssÞw ¼
2p2
d2wtw
ð13:9
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDLDTÞ
p
þ 11:1DLT þ 22:2DSÞ ð11Þ
nboxflange ¼
1
1þ 10½ðDTÞf =kboxflangebf 
ð12Þ
DL ¼
EcLt
3
f
12ð1 vLvTÞ ð13Þ
DT ¼ E
c
T
EcL
DL ð14Þ
DLT ¼ vTDL ð15Þ
Ds ¼
GLTt3f
12
ð16Þ
vT ¼ E
c
T
EcL
vL ð17Þ
where bf and tf are the width and thickness of the flange, respec-
tively, dw and tw are the depth and thickness of the web, respec-
tively,EcT is longitudinal compression modulus, E
c
L is transverse
compression modulus, GLT is the in-plane shear modulus, and vL,
vT are the major (longitudinal) and minor (transverse) Poisson
ratios, respectively. On the other hand, the web buckles first when
ðrssssÞf =ðELÞf > ðrssssÞw=ðELÞw. In this case, Kollár [42] suggested to take
K = 0 as a conservative estimate.
In terms of the shear stress, the web of the GFRP tube is highly
susceptible to buckle in location of high shear forces while flange
buckling which typically occurs under the loading point or near
the supports. The critical shear buckling stress of an orthotropic
web can be determined using the relation (18) proposed by [43]:
slocalcr ¼
4kLT
ffiffiffiffiffiffiffiffiffiffiffi
DLD
3
T
4
q
d2wtw
ð18Þ
where
kLT ¼ 8:125þ 5:045K for K 6 1 ð19Þ
andTable 5
Predicted failure load and difference with the experimental failure load.
Number of cells Hollow section Fi
Exp. Eq. (21) % Diff. E
1 90.6 95 4.5 1
2 151 156 3.3 2
3 187.5 188 0.5 2
4 243 245 1.1 3K ¼ 2Ds þ DLTffiffiffiffiffiffiffiffiffiffiffi
DLDT
p ð20Þ
For the infilled section, the flexural buckling stress (rlocalcr ) is dif-
ferent. Wright [44] highlighted that the infill concrete will con-
tribute in delaying or eliminating the local buckling in the
compression flange. However, it has a minimum effect on the
buckling of the webs due to the insufficient connection between
the tube and the concrete. As a result, the section will develop
more resistance to the applied load and will reach its maximum
allowable compressive stress (Table 1). Under such condition, Eq.
(3) can be used to predict the failure of 1, 2 and 3 cells sections
but with considering slocalcr as the effective shear stress instead of
sall. With these assumptions, the predicted failure load, PH of single
and multi-celled hollow beams is given by Eq. (21) while the pre-
dicted failure load, PF of their counterpart filled beams is given by
Eq. (22).
PH ¼ 1ac
2Irlocalcr
þ Q
2Itslocalcr
ð21Þ
PF ¼ 1ac
2Irall
þ Q
2Itslocalcr
ð22Þ5.2. Predicted results and comparison with the experiments
Table 5 summarises the predicted failure load for single and
multi-cell beams with and without concrete infill. The percentage
difference between the experimental and predicted failure loads is
also given in Table 5. It is clear that the predicted failure load using
combined effect of shear and flexural stresses given in Eq. (21)
showed a very good agreement with the experimental results for
single and multi-celled hollow beams. The equation over predicts
the failure load by only 4.5% for single cell section. In addition,
the equation overestimate the failure load for 2,3 and 4 cells sec-
tion by only 3.3%, 0.5% and 1.1%, respectively. On the other hand,
the predicted failure load in Eq. (22) is only 2.7% higher compared
to the experimental failure load for 1, 2 and 3 cells filled beams,
respectively. However, for the filled beam with 4 cells, Eq. (22)
overestimated the predicted failure load by 8%. This relatively high
difference between the predicted and the actual failure load can be
due to the complex state of stress under the loading point for the
infilled beams with 4 cells. It is noted from Fig. 8g that the beam
with 4 cells exhibited a bearing failure by flange-web junction sep-
aration of the second top cell. This failure is due to the high inter-
laminar stress at the flange-web junction which has exceeded the
shear capacity limit of the pultruded section. Wu and Bai [45] indi-
cated that pultruded FRP beams subject to concentrated loads in
the plane of the web are more likely to show inter-laminar shear
failure due to bearing stresses at the web-flange junction. They
then proposed an equation to estimate the nominal web crippling
capacity of the pultruded GFRP beams:
RN ¼ f s  Ashear ð23Þ
wherelled section
xp. Eq. (22) % Diff. Eq. (23) % Diff.
86.6 192 2.7 326.5 42.8
47.6 250 1.3 326.5 24.1
94.6 299 1.7 326.5 9.7
48 378 8.1 326.5 -6.1
32 M. Muttashar et al. / Composite Structures 159 (2017) 21–33Ashear ¼ 2 tw  bplate ð24Þ
and bplate represents the width of the bearing plate and fs is the
inter-laminar shear strength of the section. Using this equation,
the failure load of the filled beam sections was calculated and pre-
sented in Table 5. Comparison between the predicted and actual
failure load showed only a 6.1% difference. The difference between
the predicted and the measured failure load is probably due to the
slightly higher actual sheared area. Thus, it can be concluded that
the failure load of 1, 2 and 3 cells filled beams can be accurately pre-
dicted using linear combination of shear and flexural stresses while
the bearing stress formula gives a better prediction of the failure
load for the filled beam with 4 cells.
6. Conclusions
This study presented the results of four point bending tests on
hybrid multi-cell hollow and concrete filled GFRP tubes. The main
parameters examined in this study are number of cells, cell config-
uration and compressive strength of concrete core. A simple theo-
retical model was implemented and used to predict the flexural
behaviour of multi-celled GFRP beams. Based on the results, the
following conclusions can be drawn:
 Multi-cell hollow beams show better flexural performance than
single cell. The single cell beams failed with 40% of its design
capacity based on coupon tests while the failure of the multi-
cell beams reached 51%. Although, there is an improvement in
the failure stress levels for multi-cell beams, these levels are
still lower than the stress level determined from coupon test
due to the fact that the failure is controlled by the local buckling
of the compression.
 The failure of the multi-cell sections was due to the compres-
sion failure in the top cell which did not result in a total collapse
of the beam. This behaviour might be considered to be appro-
priate for structural engineering designs, as the failure was
not really catastrophic.
 The flexural strength of beams filled with concrete at the top-
most section is 105%, 63%, 57% and 38% for 1, 2, 3 and 4 cell sec-
tions, respectively, higher than that of hollow section. This
reflects the positive effect of concrete infill in preventing local
buckling failure.
 Compression flange failure associated with fibre breakage,
matrix cracking and delamination was the main mode of failure
of the filled beams. The failure then progressed into the webs
with increasing applied load due to the effect of flexural cracks
in the concrete core.
 Concrete infill has a noticeable effect on the apparent modulus
for single and multi-cell beams. The Eapp increased by as much
as 22% compared to the hollow beam section.
 Beams filled with 32 MPa compressive strength exhibited 14%
higher flexural strength than beams filled with 15 MPa. How-
ever, increasing the compressive strength from 15 to 32 MPa
has a minimal effect on the flexural stiffness of the filled beams
due to the fact that the behaviour of the tested beams con-
trolled by the behaviour of GFRP tubes.
 The combined effect of shear and flexural stresses should be
considered to reliably predict the failure load of hollow and
filled multi-celled beams but with some modifications. Using
the buckling stresses in bending and shear instead of the allow-
able stresses gives a reliable estimation of the failure load for
hollow sections while using the allowable compressive stress
and critical shear stress is accurate for the filled section.
 The failure of filled beams with 4 cells is governed by inter-
laminar shear failure at the web-flange junction and the failureload can be estimated reasonably well by calculating the nom-
inal web crippling capacity of the pultruded GFRP beam.
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 Chapter 6: Parametric Investigation on Multi-Celled GFRP 
Beams   
Paper IV: Prediction model for flexural behaviour of composite beam 
assembly partially filled with concrete 
This paper proposed a general theoretical model based on the maximum stresses 
of the GFRP materials and incorporating the effect of shear span-to-depth ratio 
and local buckling. The analytical model formulated in Paper III was used as a 
benchmark of the proposed model. The model integrates the material constitutive 
relationships from Paper I and Paper II. The accuracy of the model was verified 
by the experimental results reported in the literature and those presented in 
Papers I to III.  A parametric study was then performed using the theoretical 
model to study further the effect of several parameters such as number of cell in 
the cross-section, shear span-to-depth (a/d) ratio and the concrete filling 
percentage on the flexural behaviour of the multi-celled GFRP beams. The results 
showed that the increased number of cell enhanced the capacity of the hollow 
beams however their strength capacity is governed by either the failure of the top 
cells by compressive buckling of the top flange or bearing failure. On the other 
hand, either the bearing failure of the hollow cells under the concrete filled cells 
or web buckling of the top filled cell governs the behaviour of multi-celled beams 
with concrete infill.  The increase of a/d ratio of hollow multi-celled resulted in a 
higher strength-to-weight ratio than beams with lower a/d ratio. Furthermore, 
multi-celled beams with concrete infill at the top cell only shows high strength-
to-weight ratio than its hollow beams counterpart for all a/d ratios. Finally, a 
failure mechanism map was developed to help identify the possible failure mode 
of any combination of GFRP tubes with concrete. This failure map is also a 
useful tool for designers to identify the appropriate equation to calculate the 
failure load of multi-celled GFRP beams. Finally, the results obtained from this 
paper suggested that the proposed multi-celled GFRP system filled with concrete 
in the top cells can provide a higher strength and stiffer beams compared to 
hollow sections but maintain the lightweight characteristics of composite 
materials. In order to effectively use this system in applications such as bridges, it 
is important to investigate the dynamic behaviour and fatigue on its flexural 
behaviour which result from the effect of moving loads.  
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Prediction Model for Flexural Behavior of Pultruded Composite Beam 
Assembly with Concrete Infill  
 
Majid Muttashar1, 2, Allan Manalo3, Warna Karunasena4 and Weena Lokuge5   
 
ABSTRACT  
This paper presents a theoretical model based on maximum stress theory to predict the 
behaviour of multi-celled hollow and concrete filled glass fibre reinforced polymer (GFRP) 
beams subjected to bending. The model accounts for the effect of local bucking of the flange 
and the web of the tube in addition to the effect of shear span-to-depth ratio (a/d). The 
reliability of the model is verified using experimental results reported in the literature 
wherein a good agreement was obtained. A parametric study was then conducted to 
investigate the effect of number of cells in the cross-section, a/d ratio, and the percentage of 
concrete filling on the failure mode and failure load of the multi-celled composite beams.  
The results showed that either the bearing failure or compressive buckling of the hollow cells 
governs the behaviour of the multi-celled beams. A failure map plot to help ascertain the 
possible failure for multi-celled GFRP beams with and without concrete infill was also 
developed.  
Keywords: Theoretical prediction, multi-cell GFRP beams, flexural behaviour, failure load, 
concrete infill, shear span-to-depth ratio, Failure mode map 
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INTRODUCTION  
Glass fibre reinforced plastic (GFRP) composites are becoming an attractive materials for 
civil engineering and construction due to their high strength-to-weight ratio and durability 
(Fam et al. 2002). FRP composites are generally used as walkways and bridges in corrosive 
environment, water treatment plants, cooling towers and non-electromagnetic interference 
building (Bakis et al. 2002). Moreover, pultruded GFRP sections provide some distinct 
advantages in terms of lightness and simplicity in the design and construction of new-build 
structures. However, the thin walled of these composite sections prevent the full utilisation of 
their superior strength properties. These sections are susceptible to premature failures 
including compression buckling, web buckling and web-flange junction failures (Bank 2006, 
Muttashar et al. 2016). Research by Bai et al. (2013) and Muttashar et al. (2016)  has shown 
that these type of failures result in the pultruded composite sections utilising only around 
45% of the maximum compressive strength determined from the coupon tests . 
Several concepts were developed and implemented to use the GFRP profiles effectively 
in the construction industry. The first concept was dealing with assembling small pultruded 
sections using glue or bolts  to produce a large structural member to carry high loads and 
provide high stiffness (Hejll et al. 2005, Kumar et al. 2004, Satasivam et al. 2014). Despite of 
the lightweight characteristics and good flexural performance of the assembled composite 
sections, these sections were susceptible to failure by twisting of the top layer, web-flange 
junction failure and premature local buckling of the flange underneath the loading point. 
Accordingly, the use of GFRP composites in combination with concrete as filling material for 
pile and bridge girder applications was investigated as another concept (Muttashar et al. 
2016, Fam et al. 2001, Mirmiran et al. 1996, Davol et al. 2001). The concrete infill eliminated 
the local buckling of the thin walled GFRP section, which significantly improved the load-
carrying capacity and stiffness of the structural system.  At the same time, the composite tube 
provided a non-corrosive protection to the concrete thereby increasing its durability. 
Nonetheless, the lightweight characteristic of the FRP composites was compromised in this 
hybrid structural form. As a result, this concept was modified by providing a hole in the filled 
concrete to improve the strength and the stiffness of the section and at the same time to 
reduce the total weight of the section. Several researchers developed hybrid structural 
systems in which an inner hole in the filled concrete was provided near the tensile zone (Fam 
et al. 2002, Khennane 2010, Idris et al. 2014). These studies pointed out that the inner hole in 
the concrete infill maintained the lightweight of the composite section and it had positive 
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effect on its strength and stiffness. However, a premature local buckling of the top layer of 
glued section, the flexural compression failure of the filled beams and the bond failure 
between the concrete and GFRP tube represented the main disadvantages of this system. In 
order to overcome the disadvantages of each concept and get benefit of their advantages, 
Muttashar et al. (2017)  proposed a multi-celled beam partially filled with concrete which 
represents a combination of concepts 1 and 2.  The partial filling of this system depends on 
the total filling of the individual cell in the multi-celled beam section. This design provided 
more flexibility in the filling procedure of the section, significantly reduced the effect of bond 
failure between the concrete and the GFRP tube by reducing the contact surface due to the 
use of small tubes. In addition, bonding small cells together allowed the effective usage of the 
composites and concrete. The results showed a good flexural performance of the tested beam 
where the failure mode changed from local buckling to failure of the GFRP profile. The 
results also highlighted that the increase of number of cells in the cross-section improves the 
load carrying capacity of the beam. In addition, the concrete filling enhanced the failure stress 
and the flexural stiffness of the beams. However, the work was limited to one shear span to 
depth ratio, only up to four celled beams and concrete filled in the top cells only. While the 
effects of these various parameters can be investigated experimentally, this is a very 
expensive and time-consuming exercise. Therefore, the development of theoretical model and 
verification with available experimental results is critical and important for the better 
understanding, analysing and designing the multi-celled beams with different dimensions and 
configurations. 
Several analytical models were developed to predict the flexural behaviour of single cell 
hollow beams and concrete filled FRP beams.  These models employed the Classical 
Lamination Theory (CLT) together with traditional section analysis or the so-called Fibre 
Model Analysis (FMA) which was developed based on strain compatibility and force 
equilibrium to predict the moment capacity and load-deflection behaviour of the composite 
beams (Davol et al. 2001, Fam et al. 2005, Davalos et al. 1996, Nagaraj et al. 1997, 
Mohamed et al. 2010). These models have been verified for composite beams with only 
limited test results. Similarly, the CLT requires accurate information on the processing details 
of the FRP profile to predict its mechanical properties, which is not always available. In 
addition, the proposed models ignore the effect of the shear deformation and premature local 
buckling failure, which have a significant effect on the actual behaviour of the composite 
material.  
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Since the existing mathematical models have several limitations in terms of incorporating 
shear and local buckling effect, it is important that this paper presents a general theoretical 
model capable in predicting the flexural behaviour of single and multi-celled pultruded GFRP 
hollow and filled sections. The accuracy of the developed model was verified by 
experimental results from previous works by the authors and other studies reported in the 
literature. The model was also used to study the effect of a range of key parameters on the 
behaviour and failure mode of both hollow and filled GFRP tubes. 
BEHAVIOUR OF ASSEMBLED COMPOSITES BEAM  
Extensive experimental works were conducted to investigate the behaviour of assembled 
GFRP beams under four-point bending. In the first stage, hollow pultruded GFRP beams 
were tested with different shear span-to-depth (a/d) ratios (Muttashar et al. 2016). The results 
showed that the beams with a/d ratio of more than 4 exhibited a flexural mode of failure. The 
failure was controlled by the buckling under the load points followed by cracks and 
delamination at the compression face in addition to a web-flange junction failure as shown in 
Fig.1a. The beams with a/d less than 2 showed a transverse shear failure. the failure started 
with delamination and cracking of the fibre along the edges of the pultruded beam in addition 
to local buckling on the compression flange as shown in Fig.1b. The results of this stage 
suggested that shear deformation has a significant effect on the failure mode of the GFRP 
hollow beams. In the second stage, concrete of different compressive strengths were used to 
fill the GFRP tubes (Muttashar et al. 2016). The concrete infill enhanced the flexural 
performance of the beams by restricting and delaying the local buckling of the thin walls, 
thereby increasing the ductility and the strength of the section. The failure of the filled beams 
was due to flexural compression at the constant moment region including cracks in the fibres 
in the transverse direction as shown in Fig.2. It was observed that the delamination cracks 
occurred at the compression face, which later progressed into the sides. The results suggested 
that concrete filling has an important role in preventing the local buckling failure, which 
resulted in higher failure strength of the filled beams. The behaviour of multi-celled GFRP 
beams of 2, 3 and 4 cells were was investigated under four-bending configurations at the last 
stage (Muttashar et al. 2017). The failure of hollow sections initiates due to the local buckling 
of the thin walls of the top cell, which eventually resulted in material degradation and total 
failure as shown in Fig.3. The failure of filled beams was similar to that of hollow beams. 
However, those beams failed at higher moment due to the contribution of the concrete core. 
On the other hand, the four bonded cell section showed different mode of failure as shown in 
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Fig.4. the beam failed due to flange-web junction failure of the hollow cell under the filled 
cell which results from bearing pressure of the top cell. The results suggested that number of 
cell has important effect on the failure mode of multi-celled beams. More importantly, the 
results of these experimental investigations enabled the identification of several parameters 
that affect the behaviour of multi-celled beams such as number of cells, shear span-to-depth 
ratio and filling percentages. 
Fig. 1. Failure mode of long and short GFRP hollow beams 
Fig. 2. Failure mode of GFRP filled beam 
 
Fig. 3. Failure mode of multi-celled hollow beam 
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Fig. 4. Failure mode of 4 cell filled beams 
PARAMETERS AFFECTING ASSEMBLED BEAM BEHAVIOUR 
Number of cells 
The concept of assembling a number of panels or sheets together to produce large 
structural beam section is not new. Timber engineers used this technique in glue-laminated 
(glulam) lumber where several smaller pieces of wood horizontally or vertically laminated to 
produce large section in order to carry higher loads (Manalo et al. 2010). Although the 
composite materials demonstrate high strength and high stiffness, the limitation on their 
shape size confines their wide use for civil engineering applications. Manalo et al. (2010) 
conducted experimental investigations onto the behaviour of glue-laminated fibre composite 
sandwich beams. The beams consisted of 1, 2, 3, and 4 innovative composite sandwich panels 
glued together in the flatwise and edgewise positions to produce a structural beam section. 
The authors specified that gluing the composite sandwich beams together in edgewise 
position resulted in a stronger and more stable section than the individual sandwich beams 
alone. They found that the increase of the bending strength was due to the contribution of the 
vertical skins in preventing the widening of the core flexural tensile cracks, which prevented 
the premature failure of the beam. Due to the high cost of the manufacturing die, the 
pultruded GFRP tubes are  produced in specific cross-section dimensions only. For high load 
applications and to comply with the serviceability requirements, a number of these pultruded 
sections can be assembled together by gluing them appropriately.  Kumar et al. (2004), 
(Kumar et al. 2003) investigated the flexural behaviour of two, four and eight layered tubes 
bonded together by epoxy adhesive and tested under four-point bending test. The results 
showed that the failure load significantly increase with the increase of the layers’ number.  
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They also indicated that joining technique provides flexibility in the design to have adequate 
stiffness to limit deflections or any deformations that may adversely affect the strength or 
serviceability of the structure. These studies have shown that the concept of gluing GFRP 
sections together provides additional flexural strength and stiffness, facilitate fast installation 
and provides flexibility in the design. However, local buckling of the thin walls of the top 
layer contributed to most of the failure mode.  Therefore, an investigation on the effect of 
number of cells in both hollow and with concrete infill multi-celled sections is important to 
determine the optimum number of layers that will effectively utilise the high strength 
properties of the composite section while enhancing its stiffness properties. 
Shear span to depth ratio 
The shear span-to-depth (a/d) ratio has a noticeable effect on the failure mode of the 
composite beams but the research determining its effect on concrete filled FRP tubes is 
limited. In such system, shear failure which is governed by the a/d ratio took the form of FRP 
web buckling instead of diagonal cracking or concrete web crushing (Fam et al. 2006). 
Shawkat et al. (2008) investigated the effect of a/d ratio on the structural behaviour of GFRP 
tubes totally filled with concrete. The results showed that the moment capacity of concrete 
filled pultruded GFRP beams increase with the increase of a/d ratio from 1 to 3. Furthermore, 
the authors present a second order polynomial equation for the relationship between the 
variation of the mid tensile strain and a/d ratio depends on the experimental results. 
According to the trend of the proposed equation, they suggested that the full flexural strength 
of the section could be achieved when a/d ratio exceeded 5. In addition, the results indicated 
that the longitudinal tensile strains in the flange at which failure occurred was dependent on 
a/d ratio. Ahmad et al. (2005) conducted experimental and theoretical investigations on the 
shear strength of deep concrete-filled FRP tube (CFFT) beams with different a/d ratios (0.5, 
0.75and 0.9). The results showed that shear may not be a critical issue for CFFT beams 
compared with their reinforced concrete counterpart for a/d ratios as low as 1. On the other 
hand, they mentioned that the contribution of flexural stress increased beyond a/d ratio of 0.9 
Furthermore, for CFFT beams with a/d=0.5, the shear contribution of GFRP tubes became 
negligible and the concrete resisted most of the shear. This behaviour is due to the increase in 
major compression strut angle and the decrease in the effective length of the tube. A 
composite system consisting of rectangular GFRP tubes connected to concrete slab was tested 
by Fam et al. (2006). The beam – slab system had a/d ratios of 2.85 and 6.45. The results 
showed that the beam with a/d ratio of 6.45 failed in flexural by reaching its full tensile strain 
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of the flange in flexure. On the other hand, the results showed that the a/d of 4 is a critical 
ratio at which flexural tension failure of the GFRP bottom flange and GFRP web buckling 
may occur which considered as a combined failure. Due to the low shear modulus of GFRP 
tubes and the high possibility of local buckling failure, the a/d is an important parameter that 
needs proper consideration in the theoretical evaluation of the flexural behaviour of 
composite beams with partial concrete infills.    
Filling percentage 
Concrete – filled tubes (CFFTs) is an innovative structural system due to their high 
performance and durability (Son et al. 2008). However, filling the FRP tube completely with 
concrete was not optimal due to the flexural tensile cracking of the concrete core which do 
not provide bending resistance but just add weight to the beam (Abouzied et al. 2015). 
Therefore, partial filling of the FRP tubes was proposed by several researchers to reduce the 
excess weight of the cracked concrete below the neutral axis. Fam et al. (2002) conducted 
experimental investigation on the effect of an inner hole on the flexural behaviour of circular 
CFFT beams with an outer identical GFRP tube of 168 mm diameter.  Two different beam 
configurations were tested in order to compare the flexural behaviour. The first beam was 
fully filled with concrete while the second beam had an inner central hole with an area equal 
to 50% of the cross section. The results showed that providing a central hole is effective as 
the strength of partially filled beams is only 9% less than that of completely filled beam while 
its strength to weight ratio is 35% higher. Accordingly,  Fam et al. (2005) investigated the 
effect of an inner hole on the flexural behaviour of rectangular section 266 x 375 mm of 
filament wound FRP tube. The inner hole size was 60% of the cross section area of the beam 
(i.e. 40% concrete filling) that offset towards the tension side. The results indicated that the 
strength of the partially filled section is about 22% lower than that of completely filled beam; 
however, the overall strength to weight ratio of the partially filled tube was 77% higher. In 
this system, the buckling of the GFRP flange, which results in debonding from concrete, 
controlled the overall behaviour. This type of failure did not only reduce the effectiveness of 
the GFRP flange but also eliminated any partial confinement effect on concrete. Their study 
also highlighted the need to further optimize the size and the shape of the concrete flange in 
order to avoid premature compression failure. In another study, Abouzied et al. (2015) 
investigated the flexural behaviour of full scale rectangular CFFT beams partially filled with 
concrete. The beam contained rectangular GFRP tubes with inner void of hollow square or 
circular GFRP tubes (approximately similar cross-section area) shifted toward the tension 
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zone so that 66% of the cross section was filled with concrete. The results showed that the 
strength to weight ratio of the partially filled beams is higher than that of fully filled beam by 
6%. The beam with circular void showed  7% higher moment capacity compared with a 
square void. It is clear from the results of the previous research that partial filling has a 
significant effect on the flexural behaviour of CFFT beams. In addition, the location of the 
inner hole and the percentage of filling play an important role in the overall behaviour of the 
composite beams. Therefore, further investigation is required to optimize the concrete filling 
percentage in order to achieve better performance and to keep the lightweight properties of 
the composite materials. This study focused on evaluating the strength and stiffness of 
assembled GFRP tubes by filling the cells with concrete.  
ANALYTICAL MODEL DEVELOPMENT 
Extensive experimental based research has been conducted to investigate the flexural 
behaviour of hybrid beams (Fam et al. 2002, Muttashar et al. 2016, Mohamed et al. 2010, 
Abouzied et al. 2015, Fam et al. 2005). Each study focused on limited parameters such as 
laminate structure, concrete filling, cross-section, concrete compressive strength, 
reinforcement type, and partial filling, which affected differently the overall behaviour of the 
tested beams. Therefore, simplified theoretical studies are important to predict the effect of 
some of these key parameters. Various studies used the traditional section analysis or the so-
called fibre model analysis (FMA) to predict the behaviour of FRP hybrid beams (Fam et al. 
2002, Davol et al. 2001, Mohamed et al. 2010, Abouzied et al. 2015, Fam et al. 2005). This 
fundamental design methodology is often used in analysing steel reinforced concrete and 
fibre reinforced concrete beams (Manalo et al. 2012). In this analysis method, a layer-by-
layer approach based on strain compatibility and force equilibrium is adopted to integrate the 
stresses over the cross-sectional area of the composite beam. One of the important advantages 
of this approach is that it can account for the different behaviour of constituent materials.  In 
general, FMA is based on a first ply failure criteria, thus the existing model ignores the effect 
of local buckling of the section in compression in the analysis which significantly effects on 
the accuracy of the failure load prediction (Davol et al. 2001). Moreover, its application is 
limited to structures subjected to pure bending only. Due to the low shear modulus of 
composite materials, FRP web buckling was considered the main reason of failure especially 
for low shear span to depth ratio. Therefore,  Shawkat et al. (2008) and Fam et al. (2006) 
developed a simplified strut-and-tie model for a single cell filled beam sections. In the model, 
a relationship between a/d and mid span tensile strain was plotted according to the 
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experimental results. Although, the proposed model showed reasonable predictions of the 
ultimate loads, which are generally on the conservative side, it neglected the effect of local 
buckling. As a result, the authors highlighted that the model may only be applicable to their 
experimental results and may need further verification to generally predict the behaviour of 
the composite beams. 
This study proposed a general theoretical model to predict the failure load of multi-celled 
composite beams that can account for shear deformation effect and local buckling effect. The 
model adopted the maximum stress method recommended by the structural plastics design 
manual ASCE (ASCE 1984) and modified by Muttashar et al. (2015). In the prediction of the 
failure load, the hollow beams are expected to fail due to local buckling of the flange and the 
web while the filled beams are assumed to fail by web shear buckling and material failure in 
the compression side. The contribution of shear deformation was accounted and a perfect 
bond was assumed between the concrete infill and the GFRP tube as well as between the glue 
lines of the GFRP tubes. The Microsoft (MS) Excel spreadsheet was used to implement the 
theoretical analysis of the flexural behaviour of the hybrid composite beams.  
Prediction of Failure Load 
The failure load was predicted using the maximum stress method  which account for the 
effect of a/d ratio and local buckling. For a composite beam tested under static bending loads, 
the modes of failure can be generally classified as: web buckling due to shear stresses causing 
shear failure; local buckling of compression flange due to normal stresses resulting in flexural 
failure; lateral buckling failure of the beam; debonding failure at the GFRP-concrete or 
GFRP- GFRP interface (Deskovic et al. 1995); and web-flange junction failure (bearing 
failure) (Wu et al. 2014). Muttashar et al. (2015), Muttashar et al. (2016) and Muttashar et al. 
(2017) however, found that lateral buckling and debonding failure can be eliminated by 
filling the top cell of the composite beam made from assembly of pultruded GFRP sections. 
Similarly, debonding failure was unlikely to occur due to the very low magnitude of the inter-
laminar shear stresses (relative to shear strength of high quality epoxy adhesive). As a result, 
shear failure, combined shear and flexural failure, flexural failure, and bearing failure are the 
main failure modes that are expected for hollow and partially filled composite beams.  
The combined effect of the flexural and shear stresses was accounted due to the change in 
a/d ratios. Manalo (2013) and Awad et al. (2012) showed that analytical prediction for shear 
is acceptable for specimens with a/d less than 2 while the prediction using bending equation 
is better for a/d greater than 4.5. In between these a/d ratios, they suggested to consider the 
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combined effect of shear and bending. Bank (2006) has the same suggestion in the evaluating 
of the structural behavior of GFRP composites. Following this, it is expected that the failure 
of  pultruded GFRP beams will occur when the sum of the ratios of the actual shear and 
flexural stresses to that of their respective allowable stresses approaches unity as given by: 
                                                            
𝜎𝑎𝑐𝑡
𝜎𝑎𝑙𝑙
+  
𝜏𝑎𝑐𝑡
𝜏𝑎𝑙𝑙
≤ 1                                                             (1) 
The actual flexural compressive stress 𝜎𝑎𝑐𝑡 of GFRP beams is the stress from the overall 
bending moment M which can be calculated as: 
𝜎𝑎𝑐𝑡 =  
𝑀𝑐
𝐼
                                                                (2) 
where c is the distance from neutral axis to the section topmost fiber and I is the moment of 
inertia of the section transformed into GFRP. Similarly, the GFRP beams will fail in shear, 
where the actual shear stress 𝜏𝑎𝑐𝑡 using Eq. (3) exceeds the allowable shear strength, 𝜏𝑎𝑙𝑙: 
𝜏𝑎𝑐𝑡 =  
𝑉𝑄
𝐼𝑡𝑤
                                                               (3) 
where V is the applied shear force, Q is the first moment of area of the transformed GFRP 
section, and tw is the thickness of the section. 
As the elastic instability of the pultruded GFRP sections in compression is governed 
by the local buckling (Correia et al. 2011), Muttashar et al. (2015) suggested the use of 
buckling stress, 𝜎𝑐𝑟
𝑙𝑜𝑐𝑎𝑙 instead of the allowable compressive stress in Eq. (1). This 𝜎𝑐𝑟
𝑙𝑜𝑐𝑎𝑙 for 
free and rotationally restrained orthotropic plates is based on the proposed Eq. (4) by Kollár 
(2003).  
                                                  𝜎𝑐𝑟
𝑙𝑜𝑐𝑎𝑙 = min{𝜎𝑙𝑜𝑐,𝑓 , 𝜎𝑙𝑜𝑐,𝑤  }                                                (4) 
where 𝜎𝑙𝑜𝑐,𝑓 and 𝜎𝑙𝑜𝑐,𝑤  are the critical normal stresses of flanges and webs, respectively. In 
this method, 𝜎𝑐𝑟
𝑙𝑜𝑐𝑎𝑙 of the section is calculated considering the web and flange to be separate 
from each other and assuming them as orthotropic plates subjected to uniaxial compression 
and elastically restrained along their common edge. The critical normal stresses of the flanges 
and the webs can then be written as (Kollár 2003). 
         𝜎𝑙𝑜𝑐,𝑓 =
𝜋2
𝑏𝑓
2𝑡𝑓
 [2√(𝐷𝐿𝐷𝑇)(1 + 4.139𝜉) + (𝐷𝐿𝑇 + 2𝐷𝑆)(2 + 0.62𝜉𝑏𝑜𝑥−𝑓𝑙𝑎𝑛𝑔𝑒
2 )]          (5) 
                              𝜎𝑙𝑜𝑐,𝑤 =
𝜋2
𝑑𝑤
2 𝑡𝑤
 [13.9√(𝐷𝐿𝐷𝑇) + 11.1𝐷𝐿𝑇 + 22.2𝐷𝑆]                                (6) 
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The compression flange will buckle before one of the webs 
if (𝜎𝑠𝑠
𝑠𝑠)𝑓 (𝐸𝐿)𝑓⁄  <  (𝜎𝑠𝑠
𝑠𝑠)𝑤 (𝐸𝐿)𝑤⁄ . In this case, the web restrains the rotation of the flanges 
and the spring constant is given as: 
                                             𝑘𝑏𝑜𝑥−𝑓𝑙𝑎𝑛𝑔𝑒 =
4(𝐷𝑇)𝑤
𝑑𝑤
 [1 −  
(𝜎𝑠𝑠
𝑠𝑠)𝑓(𝐸𝐿)𝑤
(𝜎𝑠𝑠
𝑠𝑠)𝑤(𝐸𝐿)𝑓
]                                     (7) 
where 
                                            (𝜎𝑠𝑠
𝑠𝑠)𝑓 =
2𝜋2
𝑏𝑓
2𝑡𝑓
 (√(𝐷𝐿𝐷𝑇) + 𝐷𝐿𝑇 + 2𝐷𝑆)                                      (8) 
                                             (𝜎𝑠𝑠
𝑠𝑠)𝑤 =
2𝜋2
𝑑𝑤
2 𝑡𝑤
 (13.9√(𝐷𝐿𝐷𝑇) + 11.1𝐷𝐿𝑇 + 22.2𝐷𝑆)              (9) 
                                            𝜉𝑏𝑜𝑥−𝑓𝑙𝑎𝑛𝑔𝑒 =  
1
1+10[(𝐷𝑇)𝑓 𝑘𝑏𝑜𝑥−𝑓𝑙𝑎𝑛𝑔𝑒𝑏𝑓⁄ ]
                                    (10) 
                                             𝐷𝐿 =  
𝐸𝐿
𝑐𝑡𝑓
3
12(1−𝑣𝐿𝑣𝑇)
                                                                        (11) 
                                             𝐷𝑇 =  
𝐸𝑇
𝑐
𝐸𝐿
𝑐  𝐷𝐿                                                                              (12) 
                                             𝐷𝐿𝑇 =  𝑣𝑇  𝐷𝐿                                                                             (13) 
                                            𝐷𝑠 =  
𝐺𝐿𝑇𝑡𝑓
3
12
                                                                                 (14) 
                                           𝑣𝑇 =  
𝐸𝑇
𝑐
𝐸𝐿
𝑐  𝑣𝐿                                                                                (15) 
where bf and tf are the width and thickness of the flange, respectively, dw and tw are the depth 
and thickness of the web, respectively, 𝐸𝑇
𝑐  is longitudinal compression modulus, 𝐸𝐿
𝑐 is  
transverse compression modulus, 𝐺𝐿𝑇 is the in-plane shear modulus, and 𝑣𝐿, 𝑣𝑇 are the major        
(longitudinal) and minor (transverse) Poisson ratios, respectively. On the other hand, the web 
buckles first when (𝜎𝑠𝑠
𝑠𝑠)𝑓 (𝐸𝐿)𝑓⁄  >  (𝜎𝑠𝑠
𝑠𝑠)𝑤 (𝐸𝐿)𝑤⁄ . In this case, Kollár (2003) suggested to 
take 𝑘𝑏𝑜𝑥−𝑓𝑙𝑎𝑛𝑔𝑒= 0 as a conservative estimate. The buckling stress is then calculated by 
using Eq. (6). 
In terms of the shear stress, the web of the GFRP tube is highly susceptible to buckle 
in the location of high shear force while flange buckling will typically occur under the 
loading point or near the supports. The critical shear buckling stress of an orthotropic web 
can be determined using the relation (18) proposed in (Bank 2006): 
                                             𝜏𝑐𝑟
𝑙𝑜𝑐𝑎𝑙 =  
4𝑘𝐿𝑇 √𝐷𝐿𝐷𝑇
34
𝑑𝑤
2 𝑡𝑤
                                                                   (16) 
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where 
                                              𝑘𝐿𝑇 = 8.125 + 5.045𝐾             for K≤1                                  (17) 
and                                                  𝐾 =  
2𝐷𝑠+ 𝐷𝐿𝑇
√𝐷𝐿𝐷𝑇
                                                                  (18) 
Kollár (2003) highlighted that for the orthotropic materials in conventional GFRP pultruded 
profiles, K < 1. 
For the filled section, the flexural stress is changed from buckling stress (𝜎𝑐𝑟
𝑙𝑜𝑐𝑎𝑙) to the 
maximum stress (𝜎𝑎𝑙𝑙) due to the concrete core preventing local buckling in the GFRP 
section. Wright (1995) highlighted that the infill concrete will contribute in delaying or 
eliminating the local buckling in the compression flange.  However, it has a minimum effect 
on the buckling of the webs due to the insufficient connection between the tube and the 
concrete. As a result, the section will develop more resistance to the applied load and will 
reach its maximum allowable compressive stress. Under such condition, Eq. (1) can be used 
to predict the failure of multi-celled sections but considering 𝜏𝑐𝑟
𝑙𝑜𝑐𝑎𝑙as the effective shear 
stress instead of 𝜏𝑎𝑙𝑙. With these assumptions, the predicted failure load, PH of single and 
multi-celled hollow beams is given by Eq. (19) while the predicted failure load, PF of their 
counterpart filled beams is given by Eq. (20).  
                                                    𝑃𝐻 =
1
𝑎𝑐
2𝐼𝜎𝑐𝑟
𝑙𝑜𝑐𝑎𝑙+ 
𝑄
2𝐼𝑡𝜏𝑐𝑟
𝑙𝑜𝑐𝑎𝑙
                                                          (19) 
                                                   𝑃𝐹 =
1
𝑎𝑐
2𝐼𝜎𝑎𝑙𝑙
+ 
𝑄
2𝐼𝑡𝜏𝑐𝑟
𝑙𝑜𝑐𝑎𝑙
                                                              (20) 
For some cases, the experimental observations by Muttashar et al. (2017) indicated that there 
is a high possibility for the occurrence of the bearing failure when the number of cells and 
percentage of filling increases in the section. This failure occurred due to the high inter-
laminar stress at the flange-web junction, which has exceeded the shear capacity limit of the 
pultruded section. Wu et al. (2014)  indicated that pultruded FRP beams subject to 
concentrated loads in the plane of the web are more likely to show inter-laminar shear failure 
due to bearing stresses at the web-flange junction. They then proposed following Equation to 
estimate the nominal web crippling capacity of the pultruded GFRP beams:  
                                                              𝑅𝑁 =  𝑓𝑠  𝐴𝑠ℎ𝑒𝑎𝑟                                                     (21) 
where  
                                                         𝐴𝑠ℎ𝑒𝑎𝑟 =  2  𝑡𝑤  𝑏𝑝𝑙𝑎𝑡𝑒                                                                     (22) 
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and bplate represents the width of the bearing plate and fs is the inter-laminar shear strength of 
the section. In this study, Eq.s (19, 20 and 21) combined with Eq.s (1 and 2) are used to 
predict the failure load of the multi-celled pultruded GFRP beams.  The failure load of the 
section was taken as the minimum value among the calculated failure loads from these 
proposed equations.  
 The typical cross section of the hollow and concrete filled beams consists of single and 
multi-celled square FRP tubes with a web depth d, flange width b and thickness of web and 
flange (tw and tf , respectively) of 6.5 mm. The concrete infill has a thickness c1 and width b1 
as shown in Fig. 5. The model takes into the account the round corners of the section. The 
properties of the materials constituting the cross section are as follows: EF is the longitudinal 
Young’s modulus of the GFRP section, Ec is the Young’s modulus of concrete, f’c is the 
compressive strength of concrete, and Gf is the shear modulus of GFRP section. 
Fig. 5. Typical cross-section of GFRP composite beam: a) hollow b) filled. 
Calculation of Flexural Stiffness  
The flexural rigidity of the hollow and infilled sections is given by the following: 
                                    𝐸𝐼 = ∑ 𝐸𝑖𝐼𝑖 + 𝐸𝑖𝐴𝑖  
𝑛
𝑖  ( 𝑁. 𝐴 − 𝑦𝑔𝑖 )
2                                          (23) 
and                                 𝑁. 𝐴 =  
∑ 𝐸𝑖𝐴𝑖𝑦𝑖
∑ 𝐸𝑖𝐴𝑖
                                                                            (24) 
where 𝐸𝑖 is the modulus of elasticity of element i, 𝐴𝑖 is the area of element i, 𝑦𝑖  is the 
distance from the stiffness centroid of the element i to a chosen fixed point (in present study, 
the bottom of the cross section) and 𝐼𝑖 is the second moment of area of each element i around 
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its own stiffness centroid 𝑦𝑔𝑖 as shown is Fig. 6. An equivalent section was used for concrete 
infill using the modular ratio 𝑛 =  𝐸𝑐 𝐸𝑓⁄  where 𝐸𝑐 𝑎𝑛𝑑 𝐸𝑓 are the concrete and GFRP 
elasticity modulus, respectively. 
Fig. 6. Element geometry. 
Model verification 
Eq.s (19, 20 and 21) were used to calculate the failure loads of two (Kumar et al. 2003), 
four (Muttashar et al. 2015) single cells and three multi-celled hollow GFRP beams in 
addition to four filled beams (Muttashar et al. 2016, Muttashar et al. 2017). The comparison 
between the values calculated from the proposed model and those measured from the 
experiment is presented in the succeeding sections. 
Hollow beams  
Eq. (19) was used to predict the failure load of a single cell hollow beam specimens 
tested by Kumar et al. (2003), Muttashar et al. (2015) and Muttashar et al. (2016). Fig. 7 
shows the comparison of the experimental and theoretical prediction failure load of the tested 
beams. A very good estimation for the failure load was achieved with the discrepancy 
between the experimental results and theoretical prediction varying between 3% and 10%. 
The lower predicted value for beams with an a/d ratio of 1.2 is due to the variation of the 
cross-section dimension as well as the more complex behaviour in shear of composites as 
highlighted by Manalo [34]. Fig. 7 also shows that the failure load decreases with the 
increase of a/d ratio. The main reason for this behavior is the change of the failure mode from 
the web-flange junction failure to the local buckling of the thin walls of the compression 
flange that ultimately results in materials degradation and total failure. Eq.s (19 and 21) were 
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used to predict the failure load of the multi-celled beams with a/d ratio of 4.2 by Muttashar et 
al. (2017). Fig. 8 shows the relationship between the number of cells and the predicted failure 
load. A very good agreement between the predicted and the experimental failure load was 
observed. A combine shear and flexural mode of failure controlled the behavior of the tested 
beams. However, the failure mode for 5-celled beams changed to bearing due to the increased 
rigidity of the beam. The comparison of the failure load between the proposed model and the 
experimental investigation for single and multi-celled hollow beams showed that the model 
can reliably predict the failure load of composite beams with different configurations.  
Fig. 7. Relationship between failure load and shear span to depth ratio for single cell 
hollow section. 
 
Fig. 8. Relationship between failure load and number of cells of multi-celled hollow 
section. 
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Concrete filled beams 
Eq.s (20 and 21) were used to predict the failure load of single and multi-celled sections 
filled with concrete and compared to the experimentally measured failure load by Muttashar 
et al. (2017). The observed failure mode was either combined shear and flexure (transfer 
cracks at the topmost fibre in the compression side in addition to outward buckling of the 
web) or bearing (longitudinal shear cracks at the web-flange junction). Fig. 9 shows the 
experimental and predicted failure load which shows that the model predicted quite well the 
failure load due to combined effect of shear and flexure up to 3 cells while the bearing Eq. 
(21) predicted the failure of 4 celled-beams. The bearing failure of 4 celled beams was due to 
the increase of the concentrated stresses between the two point’s loads caused by the increase 
of the beams’ depth. The failure occurred at the web-flange junction of the hollow cell of the 
beam while the top filled cell was not affected by the concentrated stresses due to the 
concrete infill which increased the bearing capacity of the cell. This behavior was valid for 
hollow and filled multi-celled beams. The increase of number of cells and the decrease of the 
a/d ratio resulted in an increase of the section capacity however the failure of the section was 
controlled by either its stress limit in compression or shear (Table 1).  
Fig. 9. Relationship between failure load and number of cells of multi-celled filled 
section 
PARAMETRIC STUDY  
A parametric investigation of the effect of number of cells, shear span-to-depth ratio and 
number concrete filled cells on the flexural stiffness and failure load of multi-celled beams 
was conducted through theoretical evaluation. Muttashar et al. (2016) found that the concrete 
compressive strength has very minimal effect on the flexural behavior of the multi-celled 
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beams due to the brittleness of concrete and the small area of concrete contributing to the 
compressive force. Thus, only the effect of low strength concrete infill was analysed. Four-
point bending test configuration with 300 mm distance between the applied loads was used as 
a case study in order to make comparison and validation of results with the available 
experimental works. Beams with up to 7 layers of pultruded GFRP tube, a/d ratios of 1.2, 2.4, 
3.6, 4.2 and 6, and up to 100% concrete filled cells were also considered. The material 
properties of GFRP composite and low strength concrete were considered the same of those 
of (Muttashar et al. 2016) and are given in Table 1.  
Table 1. Properties of the pultruded GFRP profiles and concrete. 
Material property Symbol Property value unit 
GFRP tubes    
Density  ρ 2050 kg/m3 
Tensile stress 𝜎𝑡  596 MPa 
Tensile strain Ɛ t 16030 microstrain 
Compressive stress 𝜎𝑐 550 MPa 
Compressive strain Ɛ c 11450 microstrain 
Inter-laminar shear τ 85.7 MPa 
Elastic modulus  E 47.2 GPa 
Shear modulus G 4 GPa 
Concrete  
Compressive strength 𝑓𝑐
′ 15 MPa 
Modulus of elasticity  𝐸𝑐 20 GPa 
 
 Effect of the number of cells 
Hollow beam 
Table 2 shows the predicted failure loads of the hollow beams with different a/d ratios 
and number of cells. The loads in the table represent the critical loads (the lowest load) 
among the predicted loads using Eq.s (1, 2, 19, 20, and 21). For example, the predicted 
failure load of beam 1C with a/d ratio 3.6 is 111.4 kN which is the minimum load among 
136.7 kN, 602 kN, 111.4 kN and 326 kN which represent the failure load calculated 
according to bending stress, shear stress, combined shear and flexural stresses, and bearing 
stress, respectively. From the results, it is clear that the failure load increases as the number 
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of cells increases. It is also noted that expected failure mode changes according to the section 
capacity. On the other hand, the increase of a/d ratio results in decreasing load capacity. 
Similarly, the failure of multi-celled beams is expected to occur either combined effect of 
shear and flexural stresses or bearing failure. It is clear from the table that no pure shear 
failure is experienced by the section due to the nature of stacking sequence of the plies of the 
GFRP section which are arranged in the form of ± 45 degrees. This result is in good 
agreement with the experimental investigation by Ahmad et al. (2005) which enlightened that 
shear is not critical for CFFT beams. Furthermore, this behaviour agreed well with the 
experimental results of pultruded GFRP beams documented by Muttashar et al. (2016) and 
Wu et al. (2014). In addition, no pure bending failure is dominant for the beams due to the 
lower contribution of the shear even for the beams with  a/d ratios of 6 and higher where the 
bending and shear contribution are 93% and 7%, respectively. Similar behaviour was 
documented in the literature by Fam et al. (2006) documented a similar behaviour for a 
composite T-beams that failed in flexural with a/d ratio of 6.45 however there is no 
mentioned that the failure was due to pure bending. These stress percentages are supported 
the assumption of the combined shear and bending failure of the beams. However, once the 
shear stresses under the point load exceeded the shear strength of the section at the web-
flange junction, the beam will fail due to bearing. In Table 2, however, two types of failure 
were presented as the possible mode of failure for the pultruded GFRP hollow beams. The 
result suggested that the bending failure is not dominant even for beams with a/d ratios of 6. 
The behaviour is in contrary with the experimental results conducted by Awad et al. (2012) 
which highlighted that sandwich beams tested with a/d ratio of 4.5 will experienced bending 
failure. The main reason for this behaviour is the differences between the materials property 
and composition. 
Filled beam 
Table 2 also lists the predicted failure loads for multi-celled filled beams. Again, these 
loads are the critical loads calculated from Eq.s (1, 2, 20 and 21). It is clear that the failure 
load increased with increasing number of cells due to the contribution of the added tubes. 
However, it decreased with increasing a/d. The effect of concrete filling is more pronounced 
for higher a/d ratio compared with low ratios. The failure load of the filled beams shows an 
increase of 101%, 81%, 53%, 50% and 48% for the beams of 1C, 2C, 3C, 4C and 5C, 
respectively, compared with its hollow beam counterpart for a/d ratio of 6.  However, the 
filled beams show less increase of the failure load with 71% and 28% for the beams of 1C 
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and 5C, respectively, for a/d ratio of 1.2. The percentage of increase of the failure load 
decreases at lower a/d ratio due to the change of the failure mode from combined bending 
and shear to bearing failure (shear at the web-flange junction). On the other hand, the 
increase of the failure loads percentages increases at higher a/d ratio was due to the decrease 
of the shear effect on the beam. 
Table 2 also shows the failure load of multi- celled beams with 2, 3, 4 and 5 cells with 
the increase the number of filled cells. The general behaviour is similar to that of hollow 
sections such that the failure load increases as the cell’s numbers in the cross-section 
increases while it decreased with the increase of a/d ratio. For a/d ratio of 1.2, the increase of 
the number of cells in the section showed insignificant effect on the failure load of the beam 
because the failure mode was governed by the bearing failure regardless of the number of 
cells. Although, the effect of bearing deceases with the increase of a/d ratio, the percentage of 
increase of the failure load shows less increase with the increase number of filled cells in the 
section due to the fact that the concrete core below the neutral axis is cracked and does not 
contribute much to the strength. The partially filled beams demonstrate about 20 – 25 % 
lower failure strength compared with the totally filled beams however their strength to weight 
ratio was higher. This behaviour is well agreed with the experimental results conducted by 
Fam et al. (2005). Similar to hollow beams, the results suggested that only two types of 
failure (combined bending and shear and bearing failure) are expected to occur for the filled 
beams.
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Table 2. Predicted failure load of the multi-celled filled beams.  
No. of 
cells 
Filled 
a/d 
1.2 2.4 3.6 4.2 6 
1 0C 244a 153a 111.4a 98a 72.2a 
1C 417d 290b 210.7b 185.4b 145b 
2 0C 326c 271a 182a 156.5a 110a 
1C 326c 326c 274.6b 251b 199.3b 
2C 417d 417d 340.4b 295.6b 211.8b 
3 0C 326c 303.6b 216.8b 189.7b 138b 
1C 326c 326c 326c 299.9b 212b 
2C 326c 326c 326c 326c 282.9b 
3C 417d 417d 417d 394b 283b 
4 0C 326c 326c 281b 245.8b 178.5b 
1C 326c 326c 326c 326c 267.6b 
2C 326c 326c 326c 326c 326c 
3C 326c 326c 326c 326c 326c 
4C 417d 417 417d 417d 366.7b 
5 0C 326c 326c 326c 301.6b 219b 
1C 326c 326c 326c 326c 326c 
2C 326c 326c 326c 326c 326c 
3C 326c 326c 326c 326c 326c 
4C 326c 326c 326c 326c 326c 
5C 417d 417d 417d 417d 417d 
6 0C 326c 326c 326c 326c 283b 
7 0C 326c 326c 326c 326c 326c 
a combined shear and bending (Eq. 19); b combined shear and bending (Eq. 20); c bearing 
failure hollow (Eq.21); d bearing failure filled (Eq.21) 
Effect of shear span to depth ratio (a/d) 
Strength to weight ratio 
Fig.10 shows the effect of a/d ratio on the strength to weight ratio of single and multi-
celled hollow beams. The bending strength (M) of each beam was determined by (M = Pa/2) 
where (P) represents the failure load as shown in Table 2 and (a) is the shear span. The 
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strength then divided by the weight of the section per meter length to calculate the strength to 
weight ratio. The weight of the beam was determined by considering the GFRP section 
density (Table 1) and a concrete density of 2400 kg/m3. The results show that strength to 
weight ratio of the beams with a/d ratio of 1.2 was the lowest compared with other a/d ratios 
for single and multi-celled beams. This behaviour clearly demonstrates the negative effect of 
bearing failure on the strength capacity of the beams. With the increase in a/d, the strength-
to-weight ratio increases. This effectiveness increases with the increase in the number of 
cells. For example, the strength-to-weight ratio of beams with single cells is at 0.01 at an 
a/d=1.2 and increases to 0.15 at a/d of 6. On the other hand, the strength-to-weight ratio of 5 
celled beams is at 0.06 at a/d=1.2 and 0.22 at a/d of 6 or almost 4 times increase.  These 
results suggest that GFRP beams at higher a/d is more effective than at lower a/d as it utilises 
better the high flexural strength of fibre composites but still maintaining its lightweight. 
Fig. 11 displays the effect of a/d ratio on the strength to weight ratio of single and multi-
celled beams with only top cell filled. The figure shows that the strength to weight ratio 
increases with the increase of a/d for both single and multi-celled beams. However, a/d ratio 
beyond 3.6 has a minimal effect on the strength to weight ratio for the beams of 1C, 2C and 
3C, respectively. This is because of the similarity of the failure mode where the beams failed 
due to combined effect of shear and bending. On the other hand, the increase of a/d ratio 
shows a significant effect on the strength to weight ratio for the beams consist of 4 cells and 
higher. This behaviour reflects the decrease of the shear deformation effect with the increase 
of a/d ratio. Again, the results show that filled the top cell with concrete is more effective at 
higher a/d ratio compared with lower a/d ratio. Furthermore, the results indicate that the 
strength to weight ratio of the filled beams was higher than its counterpart hollow beams for 
all a/d ratios which reflects the positive contribution of the concrete infill on the failure 
behaviour of the beams. 
 
103 
 
0
0.05
0.1
0.15
0.2
0.25
0.3
0 1 2 3 4 5 6
St
re
n
gt
h
 t
o
 w
ei
gh
t 
ra
ti
o
 (
kN
. m
  /
kg
)
No. of cells 
a/d=1.2
a/d=2.4
a/d=3.6
a/d=4.2
a/d=6
 
Fig. 10. Relationship between strength-to-weight ratio and a/d ratios for hollow section. 
Fig. 11. Relationship between strength-to-weight ratio and a/d ratios for filled section. 
Effect of number of filled cells with concrete 
Strength to weight ratio 
The strength-to weight ratio of the composite beam with different number of cells filled 
with concrete was analysed. Fig. 12 shows the variation of the strength-to weight ratio with 
the number of filled cells. The results showed that filling the top cell of the section with 
concrete is an effective method to enhance the strength capacity of the multi-celled composite 
beams. The top filled section has the highest strength to weight ratio for beams with up to 4 
cells. The increase in the strength-to-weight ratio is attributed to the effect of concrete infill in 
preventing the local buckling failure of the section. It can also be noted from the figure that 
the strength-to-weight ratio is highest for beams with 5 cells. However, filling the cells of the 
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beams with 5 cells did not enhance its strength-to-weight ratio. This is because the failure 
mode is governed by bearing failure for both hollow and filled sections. Instead, the section 
with higher number of filled cells shows lower strength-to-weight ratio compared with beams 
that has one cell filled. This behaviour might be resulted from two reasons; firstly, the 
increase of the number of filled cells in the cross-section changed the mode of failure from 
combined shear and bending to bearing failure. Secondly, due to the effect of concrete 
tension cracks, the additional concrete filling will contribute in lower percentage to the 
strength while it will add more weight to the total weight of beam. Although, increasing the 
number of filled cells in the section displays decreasing of the strength to weight ratio, it 
shows noticeable improvement compared with the hollow beams. The results suggested that 
filling the beam with concrete represents an effective solution in terms of increasing the 
strength to weight ratio for multi-celled composite beams. Still, strength to weight ratio of the 
beam with filling the top cell only with concrete is significantly greater than that of hollow 
and totally filled beams. 
Fig. 12. Relationship between strength to weight ratio with number of filled cells of 
single and multi-celled beams. 
Stiffness to weight ratio  
The effect of concrete filling on the stiffness-to-weight ratio is presented in Fig. 13. The 
figure indicated that the stiffness-to-weight ratio increased with filling the top cell of the 
section with concrete compared with hollow beam. The main reason for that is the 
contribution of the concrete core in increasing the moment of inertia and the apparent 
modulus of the section. A similar observation was reported in the literature Fam et al. (2006) 
and Chakrabortty et al. (2011). Beyond this, the stiffness-to-weight ratio of filled beams starts 
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to decrease to the point even lower than the hollow beams. This is because the concrete core 
infill near the neutral axis of the section did not contribute as much stiffness but significantly 
adding to the weight. The results show that filling the top cell of the section with concrete in 
more effective in increasing the stiffness to weight ratio compared with hollow and totally 
filled beams. 
Fig. 13. Relationship between stiffness to weight ratio with number of filled cells of single 
and multi-celled beams. 
FAILURE MODE MAP  
A failure mode map representing the different failure modes of composite beams was 
developed using the failure load Equations. This diagram was established by considering the 
relationship between the geometric non-dimensional variables or geometric and physical 
variables (Awad et al. 2012). In this study, the numbers of cells in the GFRP beam section 
and the a/d ratios were considered as the non-dimensional geometric properties, and the 
failure mode represents the physical variable.  Of all the failure modes described previously, 
it is clear that the observed mode will be that which occurs at the lowest load. Considering 
the experimental results presented in (Muttashar et al. 2015) and (Muttashar et al. 2017), the 
failure mode of the GFRP beams is affected by the variations of a/d ratio and the number of 
cells in the cross- section in addition to the number of filled cells. Therefore, a failure map 
plot of a/d ratio in the x- axis and the number of filled cells in the y-axis was prepared to 
show the possible mechanisms of failure for multi-celled GFRP beams with different 
geometry. As listed previously, two failure modes (bearing (B) and combined shear and 
flexural failures (S+F)) have been defined in the failure map of the multi-celled GFRP 
composite beams using the proposed analytical model.  Fig. 14 shows the final failure map of 
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the multi-celled GFRP hollow and filled beams. This results agreed well with the 
experimental results presented by (Muttashar et al. 2015). It is clear from the figure that the 
bearing failure can be avoided even at lower a/d ratio for single celled beams. On the other 
hand, to prevent the bearing failure of multi-celled hollow beams, higher a/d ratio should be 
used. The results also suggested that hollow beam with more than 6 cells in the cross-section 
has high tendency to fail in bearing. 
Filling the sections with concrete will result in changing of the failure boundaries. While the 
section with filled concrete at the top showed highest strength-to-weight and stiffness-to-
weight ratio, the tendency for bearing failure to occur becomes higher. From an a/d of 0.65 
for hollow beams, single celled beam section with concrete infill needs to have at least an a/d 
of 1.5 to prevent the bearing failure. Furthermore, the figure shows that the slope of one cell 
filled is lower than hollow line, which further demonstrated the higher tendency for bearing 
failure. In addition, further increase in the possibility of the occurrence of bearing failure is 
expected when 2 and more cells filled with concrete. This behaviour is clearly shown in the 
figure as the line of 2 cells filled is lower than the other lines. Moreover, the failure mode 
map in Fig. 14 represents a useful and simply tool for the designers to calculate the failure 
load for any combination of GFRP tube and concrete. For example, by referring to the Failure 
mode map, a designer can identify that a multi-celled beam consisting of 3 cells, filled with 
concrete at the top, and with an a/d of 4 will fail by combined shear and bending. Following 
this, Eq. (20) should be used to calculate the failure load. Moreover, for 3-celled beams with 
top sections infill, the designer should specify an a/d of at least 4 to prevent bearing failure of 
the beam.   
Fig. 14. Failure map of multi-celled GFRP beams. 
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CONCLUSIONS  
 In this study, a general theoretical model to predict the failure load of multi-celled 
composite beams with concrete infill was established and calibrated with experimental results 
reported in the literature. The model was based on maximum stress method, which was 
modified to account for the effect of local buckling of GFRP tubes and the shear span-to-
depth ratio. The proposed model agreed very well with the experimental results. The 
prediction model was then used to evaluate the effect of the number of cell in the cross-
section, shear-span to depth ratio and the number of concrete filled cells on the flexural 
behaviour of GFRP tubes. A general failure map was then developed following the results of 
the parametric studies. The following conclusions are drawn from the results of the study: 
 Increasing the number of cells increase the capacity of the hollow beams. Its strength 
capacity is, however governed by either failure of the top cells by compressive 
buckling of the top flange or bearing failure. 
 The behaviour of the multi-celled beams with concrete infill is governed either by 
the bearing failure of the hollow cells under the concrete filled cells or web buckling 
of the top filled cells.  
 Hollow multi-celled beams with a higher a/d ratio has higher a strength-to-weight 
ratio than beams with a lower a/d. Up to 400% increase in the strength-to-weight 
ratio for 5 celled beams was calculated by changing the a/d from 1.2 to 6.  
 The strength-to-weight ratio of the multi-celled beams with concrete infill at the top 
cell is higher than its counterpart hollow beams for all a/d ratios. This reflects the 
positive contribution of concrete filling in stabilising the top cell and increasing the 
failure of the beam but adding minimal weight to the section. 
 Filling the top cells only with concrete is better than filling all the cells. This is due 
to the mode of failure changing from combined shear and bending to bearing. 
Moreover, the stiffness-to-weight ratio of filled beams starts to decrease due to the 
concrete infill near the neutral axis that significantly add to the weight. 
 A failure map plot to help ascertain the possible failure for multi-celled GFRP beams 
with and without concrete infill was developed. This plot can be also a useful tool 
for designers to identify the appropriate equation to calculate the failure load of 
multi-celled GFRP beams. Moreover, this can be an important preliminary tool to 
identify the design parameters that will prevent bearing failure of the beams and 
effectively utilise the high flexural strength of fibre composite materials. 
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 Chapter 7: CONCLUSIONS and RECOMMENDATIONS 
Glass fibre reinforced polymers (GFRP) profiles have become an attractive material 
for use in civil engineering applications due to their high strength, stiffness-to-weight 
ratio, non-corrosive and lightweight characteristics. To date, numerous research studies 
have demonstrated the suitability of combining pultruded FRP tubes and concrete for 
compression members but relatively few studies have been conducted to evaluate their 
flexural behaviour. Moreover, most of these studies have focused on utilising high 
compressive strength concrete infill to increase the strength and stiffness of the 
pultruded FRP tubes. By contrast, this study explored the usage of low compressive 
strength concrete infill for pultruded GFRP tubes to come up with a strong, stiff, and 
cost-effective beam section. The concept of multi-celled beams with concrete infill 
only at the top cells was also introduced to maintain the lightweight characteristics of 
composite materials. In order to have a complete understanding of the behaviour of 
these new beams, the study was conducted in the following four phases: 
1. Determination of a suitable test method for characterisation of the mechanical 
properties of full-scale GFRP tubes. In addition, the study examined the effect 
of shear span-to-depth ratio on the failure capacity and failure mode.  
2. Evaluation of the effect of compressive strength of the concrete infill on the 
flexural behaviour of pultruded GFRP beams using a four-point bending test. 
3. Investigation of the behaviour of multi-celled GFRP beams with concrete infill 
with different numbers of bonded cells and different concrete filling 
percentages using a four-point bending test. 
4. Examination of the influence of numbers of cells on the cross-section, shear 
span-to-depth ratio, and of the filling percentage on the flexural behaviour and 
failure mode. 
 The major findings of this study are summarized in the following sections. 
 Characterization of pultruded GFRP section properties 
This study has experimentally investigated the flexural behaviour of full-scale hollow 
GFRP beams. Beams with different a/d ratios were considered in order to evaluate the 
flexural and shear moduli of the GFRP tubes, using the graphical (simultaneous) and 
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back calculation methods. These properties were then compared with the results from 
the coupon tests. A theoretical prediction equation, describing the behaviour of the 
tested beams, was also proposed. Based on the results of this investigation, the 
following conclusions are drawn: 
 Material characterisation using full-scale specimens was an effective method to 
determine the elastic properties of the pultruded GFRP section. This test method 
can accurately capture the global properties of pultruded GFRP sections and the 
typical failure behaviour of compressive buckling and delamination at the web-
flange junction at the compression face, which may not be covered by a test of 
coupons.  
 The discontinuity of the fibres (especially the ±45o) in the coupon specimens 
resulted in a lower strength and effective elastic properties of the composite 
materials, compared to the properties obtained from the full-scale beam tests. 
Moreover, the small dimension of the section in the transverse direction limited 
the determination of the material properties using coupon specimens. This 
resulted in the overestimation of beam deflection by up to 7 %. 
 The back calculation method, which was based on the Bernoulli equation and 
used the strain readings at the mid-span of the beam, gave a more reliable value 
of effective flexural and shear moduli of pultruded hollow GFRP square 
sections compared with a simultaneous method and coupon test. A maximum of 
1.5% variation between the predicted and the actual load-deflection behaviour 
was achieved using the elastic properties determined from this method.  
 The shear span-to-depth (a/d) ratio has a significant effect on the flexural 
behaviour of the GFRP beams. While shear failure was not observed for beams 
with low a/d ratio, the shear deformation contributed by as much as 52% to the 
total deflection of beams. Thus, it is recommended to account for the shear 
deflection in the deflection calculation of GFRP beams when the a/d ratio is less 
than, or equal to, 6. 
 A simplified theoretical model accounting for the combined effect of shear and 
flexural stresses as well as the compressive buckling stress in pultruded GFRP 
square beams can reasonably predict the failure load of full size pultruded 
GFRP beams. Comparison between the predicted and experimental results 
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showed only a maximum of 11% difference in the failure load for beams with 
low a/d ratios. 
 The failure of the full-scale pultruded GFRP beam was governed by the 
compressive buckling under the loading points, followed by cracks and 
delamination at the web-flange junction at the compression face. The section 
failed at a stress level of 291 MPa, which denotes only 45% of the compressive 
strength capacity of the GFRP tube, as determined from the coupon test. 
The above demonstrates that conducting a full-scale test is necessary to evaluate the 
effective mechanical properties of pultruded GFRP sections for its design to be reliable 
and safe. Furthermore, the results highlighted that local buckling and shear 
deformations have a significant effect on the flexural behaviour and failure mechanism 
of GFRP profiles. Filling these sections with concrete is anticipated to improve their 
structural performance and effectively utilise their high strength characteristics. 
 Behaviour of Single cell GFRP beams with concrete infill 
The effect of the compressive strength of concrete infill on the flexural behaviour of 
beams, with a view of determining a lower cost infill for GFRP profiles, was 
investigated. Experimental and theoretical investigations on hollow GFRP square 
sections (of 125 mm x 125 mm x 6.5 mm) filled with concrete, with 10 MPa, 37 MPa 
and 43.5 MPa compressive strength, were tested under 4-point static bending. The 
conclusions related to this study are summarised as follows: 
 The provision of concrete filling prevented the local buckling of the thin walls 
of the GFRP tube by providing internal support, and it improved the section 
capacity due to its contribution to the internal compression forces. The concrete 
filled GFRP sections failed at a 100% to 141 % higher load than its hollow 
counterpart, and exhibited at least 25% higher stiffness.  
 The failure of concrete filled GFRP beams was compressive failure of the GFRP 
tubes at a strain of 11250 microstrains. This level of strain represents 98% of the 
ultimate compressive strain of the pultruded GFRP tubes, as determined from 
the coupon tests, indicating the effective usage of the high-strength properties of 
the fibre composite materials.  
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 The use of low compressive strength concrete as infill material was an effective 
and practical solution to fill the pultruded GFRP tubes. Regardless of the 
compressive strength of the concrete infill, the flexural stiffness was almost the 
same after the initiation of the flexural cracks. Similarly, only a 19% higher 
failure load was observed for beams filled with concrete of 43.5 MPa compared 
to 10 MPa compressive strength. 
 The simplified Fibre Model Analysis (FMA) accurately predicted the flexural 
behaviour of concrete filled GFRP tubes. The model adopted a partial 
confinement model for the concrete infill and produced a very good agreement 
in terms of the load-deflection and load-strain relationships between the 
theoretical and the experimental results.  
From this study, it was further confirmed that the provision of concrete infill, 
regardless of the compressive strength, can effectively improve the strength and 
stiffness of pultruded GFRP beam beams. However, filling the entire section 
diminishes the lightweight properties of GFRP composites. The concept of multi-
celled GFRP beams was therefore developed by gluing a number of pultruded sections 
and filling only the top cell of the beam with concrete. The flexural behaviour and the 
suitability of this concept for a structural beam were investigated in the next stage 
 Behaviour of multi-celled GFRP beams with concrete infill 
The flexural behaviour of multi-celled GFRP beams with concrete infill was 
investigated under four-point loading at an a/d ratio of 4.2. Beams of 1, 2, 3, and 4 
cells with hollow and filled configurations were considered in this study. Concrete 
with 15 MPa and 32 MPa compressive strengths was used to fill the top cell of the 
beams. From the experimental and theoretical results, the following conclusions were 
drawn: 
 Multi-celled pultruded GFRP hollow beams behaved linear elastic up to failure. 
The beams failed at a stress level ranging between 105% and 123% higher than 
the single-celled beams. This indicated that gluing together the pultruded GFRP 
profiles can help stabilise the section and effectively utilise the high strength of 
the fibre composite materials. 
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 The failure mode of 1, 2 and 3 celled-beams started at the compression flange 
with fibre breakage, matrix cracking and delamination, which then progressed 
into the webs because of the concrete core cracking. On the other hand, 4-celled 
beams show bearing mode failure due to longitudinal shear failure of the fibres 
at the web-flange junction of the hollow cell. 
 Multi-celled beams filled with concrete at the top cell only developed higher 
strength compared with their hollow beam counterparts before failure as the 
concrete core delayed the local buckling by supporting the tube walls. This 
behaviour resulted in 105%, 63%, 57% and 38% higher flexural strength for 1, 
2, 3, and 4 cells section, respectively than that of hollow sections. Furthermore, 
the concrete filling enhanced the flexural stiffness of the beams by as much as 
22% compared to the hollow beams. 
 Similar to single-celled beams, the compressive strength of the concrete infill 
has a minor effect on the flexural strength of the multi-celled GFRP beams. 
Only an increase of 14% in strength was measured for beams with 32 MPa 
concrete infill compared to 15 MPa. Moreover, the compressive strength of the 
concrete infill had an insignificant effect on the flexural stiffness, as the overall 
behaviour of the beam was governed by the GFRP tubes. 
Multi-celled GFRP sections filled with concrete at the top cells only, showed high 
potential for structural beams and maintained the lightweight properties of the 
composite materials. The study highlighted the effect of several factors on the overall 
behaviour of multi-celled beams. A theoretical model is therefore needed to assess the 
effect of those factors on the behaviour of multi-celled beams in order to identify the 
suitable combination between a GFRP section and concrete infill for effective material 
usage. 
 Theoretical study and capacity prediction  
A simplified theoretical model based on maximum stress theory was developed to 
predict the failure load and failure mechanisms of multi-celled GFRP beams. The 
model takes into consideration the local buckling and shear a/d ratio in its prediction 
of the flexural behaviour of the beams. The model was then used in a parametric study 
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to investigate the effects of the number of cells, a/d ratio, and the number of cells filled 
with concrete. From the parametric study, the following conclusions were drawn: 
 The number of cells in the cross-section has a significant effect on the failure 
mode of the beam. The failure of single-celled hollow beams was combined 
shear and bending, while the multi-celled hollow beams failed due to bearing.  
 Regardless of the number of cells, the behaviour of the multi-celled beams with 
concrete infill was governed either by the bearing failure of the hollow cells 
under the concrete filled cells, when the load exceeded the bearing capacity of 
the section, or by web buckling of the top filled cell, due to the increase of the 
compression stresses at the topmost flange-web junction. 
 The strength-to-weight and stiffness-to-weight ratio of multi-celled beams filled 
with concrete at the top cells was significantly higher than that of hollow beams 
and multi-celled beams fully filled with concrete. Therefore, the multi-celled 
beams filled with concrete at the top cells could replace the heavy fully filled 
beam sections to reduce the construction cost and the dead weight of the 
structure. 
 The increase of the a/d ratio of hollow multi-celled beams resulted in a higher 
strength-to-weight ratio than beams with a lower a/d ratio, due to the change of 
the failure mode from bearing to combined shear and flexural. For example, the 
strength-to-weight ratio for a 5-celled beam with an a/d of 6 was four times 
compared to an a/d of 1.2. Similarly, the strength-to-weight ratio of multi-celled 
beams with concrete infill at the top cell was higher than their counterpart 
hollow beams. 
A failure mode map for identifying the possible mechanisms of failure for hollow and 
concrete filled multi-celled GFRP beams was developed. The failure map considered 
the numbers of cells in the GFRP beam section and the a/d ratios as the non-
dimensional geometric properties. This map is an important preliminary tool to 
identify the design parameters that will prevent bearing failure of the beams and 
effectively utilise the high flexural strength of fibre composite materials. 
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 Contributions of the study 
This study has provided an in-depth understanding of the behaviour of multi-celled 
GFRP beams with and without concrete infill. Through this study, a suitable test and 
data analysis method was determined to effectively evaluate the mechanical properties 
of full-scale pultruded GFRP composite beams. Furthermore, a more detailed 
understanding of the flexural behaviour of GFRP sections filled with concrete has been 
gained. This study has allowed the determination of the optimum compressive strength 
of concrete infill that will result in enhanced strength and stiffness of the hollow GFRP 
beams. This study has also developed a new type of bonded GFRP tubes (multi-celled 
beams) for usage in high load and long span applications. The proposed multi-celled 
beams were filled with concrete in the top cell only, which fully utilises the 
compressive strength of the composite materials. From the experimental results, 
simplified design equations were proposed and a failure map was developed to assist 
designers and engineers to reliably and safely design this type of structure. 
 Areas of the future research 
The research completed in this study has allowed for a detailed understanding of the 
effect of a range of parameters on the flexural behaviour of multi-celled GFRP tubes. 
However, the concept of multi-celled GFRP beams filled with low strength concrete is 
still in the early stages and requires further experimental and analytical work to 
increase their acceptance in construction applications. Areas that need further 
investigation to complete the development of multi-celled GFRP beams are the 
following: 
1. While the low strength concrete infill proved to be a practical solution to fill the 
GFRP tubes and to enhance the strength and stiffness properties, a study on the 
effect of lightweight low-strength concrete infill on the flexural behaviour of a 
single cell GFRP beam is important to maintain the lightweight properties of 
composite materials.  
2. Since the concept of multi-celled GFRP beams with their top cells filled with 
concrete proved to provide a structural element with high strength, high stiffness 
and lightweight, it is worth investigating the behaviour of beams with a concrete 
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filling only along their length, where the bending stresses are at a maximum 
level.   
The multi-celled beams with concrete filling in the top cells only performed 
satisfactory under a static bending load. However, in real applications such as bridges, 
a higher cycle loading is expected to occur due to the effect of moving loads. 
Therefore, it is important to investigate the dynamic behaviour and fatigue on the 
flexural behaviour of multi-celled GFRP beams. 
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A.1 Appendix A: CONFERENCE PRESENTATIONS  
 Conference Paper I: Flexural and axial behaviour of pultruded 
GFRP tubes filled with low strength concrete 
M Muttashar, A Manalo, W Karunasena, W Lokuge (2014). Flexural and axial 
behavior of pultruded GFRP hollow sections filled with low strength concrete. 
Australasian Composites Conference (CA 2014): Materials for a lighter and smarter 
world, 7-9 April, Newcastle, Australia. 
Abstract: Pultruded hollow composite sections have gained wide acceptance in civil 
engineering application due to their high strength, lightweight and durability. 
However, pultruded composite are vulnerable to buckling due to their relatively low 
modulus of elasticity and thin-walled sections. This paper investigates the benefits of 
using low strength concrete as an infill to pultruded hollow - glass fibre reinforced 
polymer (GFRP) section. A total of four composite beams with 125x125 mm section, 
6.2 mm wall thickness and 1200 mm span were tested under four point bending. In 
addition, four specimens with the same cross section and 600 mm height were tested 
under compressive load. The effect of concrete infill on the strength, stiffness and 
failure mode was examined. The study showed that using low strength concrete infill 
is a practical and feasible way to enhance the strength and stiffness as it helps stabilize 
the pultruded GFRP section. The beam filled with concrete has 145% higher flexural 
stiffness and failed at 250 % higher load than the hollow section. Similarly, the axial 
capacity is increased by about 29% compared with the hollow section counterpart.  
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 Conference Paper II: Testing and characterization of pultruded 
glass fibre reinforced polymer (GFRP) beams. 
M Muttashar, W Karunasena, A Manalo, W Lokuge (2015). Testing and 
characterization of pultruded glass fiber reinforced polymer (GFRP) beams. 
Proceeding of the 12th International Symposium on Fiber Reinforced Polymers for 
Reinforced Concrete Structures (FRPRCS-12) & The 5th Asia-Pacific Conference on 
Fiber Reinforced Polymers in Structures (APFIS-2015) Joint Conference, 14-16 
December, Nanjing, China. 
Abstract: Elastic properties of the fiber reinforced polymer (FRP) composite represent 
a significant effect on the structural behaviour of this material. Therefore, it is 
important to use an accurate method to determine these properties as the behaviour is 
often governed by deflection rather than strength. In this study, full size pultruded 
glass FRP (GFRP) beams were used to determine the elastic properties using static 
four-point bending with different shear span to depth (a/d) ratios. Two different 
methods -back calculation and simultaneous - were then employed to evaluate the 
flexural modulus and shear stiffness and were compared with the results of the test 
using coupon specimens. The results indicate that the elastic properties determined 
from full scale test using back calculation method can reliably predict the load - 
deflection behaviour of the pultruded GFRP beams.  
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 Conference Paper III: The effect of shear span-to-depth ratio on 
the failure mode and strength of pultruded GFRP beams 
M Muttashar, W Karunasena, A Manalo, W Lokuge (2015). The effect of shear span- 
to- depth ratio on the failure mode and strength of pultruded GFRP beam. Proceeding 
of the 12th International Symposium on Fiber Reinforced Polymers for Reinforced 
Concrete Structures (FRPRCS-12) & The 5th Asia-Pacific Conference on Fiber 
Reinforced Polymers in Structures (APFIS-2015) Joint Conference, 14-16 December, 
Nanjing, China. 
Abstract: The use of structural pultruded fibre reinforced polymers (FRP) sections 
have gained wide acceptance in civil engineering applications due to their favourable 
structural characteristics like high strength, light weight and durability in severe 
environmental conditions. However, due to their relatively low modulus of elasticity 
and thinned walls, these sections are vulnerable to local buckling which can affect their 
ultimate strength. This paper investigates experimentally the flexural behaviour of 
pultruded GFRP beams with shear span-to-depth (a/d) ratios in the range of 1.2 to 6 
using full scale pultruded profiles. Failure modes, strength and crack patterns are the 
main parameters that were examined in this study. The study shows that shear span has 
a minor effect on the failure modes of the beams while it has a noticeable effect on the 
ultimate strength. In addition, fibre model analysis was used to validate the 
experimental results. Comparison between the experimental and the theoretical 
analysis results shows a good approximation of the moment - deflection behaviour and 
failure moment of pultruded GFRP beams.  
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 Conference Paper IV: Experimental investigation on the flexural 
behaviour of pultruded GFRP beams filled with different 
concreter strengths. 
M Muttashar, A Manalo, W Karunasena, W Lokuge (2016). Experimental 
investigation on the flexural behaviour of pultruded GFRP beams filled with different 
concrete strengths. Proceeding of the 8th International Conference on Fibre-
Reinforced Polymer (FRP) Composites in Civil Engineering (CICE 2016), 14-16 
December, Hong Kong, China. 
Abstract: Glass fibre reinforced polymer (GFRP) pultruded profiles are being 
increasingly used in the construction industry due to their numerous advantageous over 
the conventional materials. However, most pultruded GFRP sections fail prematurely 
without utilising their high tensile strength due to their thin-walled sections.  As a 
result, several hybrid systems made out of GFRP profiles and concrete as a filler 
material have been proposed in order to enhance their structural performance. Most of 
these studies utilised high strength concrete wherein the additional cost does not justify 
the enhancement in the stiffness and strength of the infilled GFRP profiles.  This paper 
presents an experimental investigation on the effect of the compressive strength of 
concrete infill on the flexural behaviour of beams with a view of determining a lower 
cost infill for GFRP profiles. Pultruded GFRP square beams (125 mm x125 mm x 
6.5mm) were filled with concrete having 10, 37 and 43.5 MPa compressive strength 
and tested under static four-point bending. The results showed that the capacity of the 
filled beam sections increased by 100 to 141% than the hollow sections. However, the 
compressive strength of the concrete infill has no significant effect on the flexural 
behaviour of the beams. The increase in concrete compressive strength from 10 to 43.5 
MPa increased the ultimate Moment by only 19% but exhibited an almost same 
flexural stiffness indicating that a low strength concrete is a practical solution to fill 
the GFRP profiles.  
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 Conference Paper V: Behaviour of pultruded multi-celled GFRP 
hollow beams with low-strength concrete infill 
M Muttashar, W Karunasena, A Manalo, W Lokuge (2016). Experimental 
investigation on the flexural behaviour of pultruded GFRP beams filled with different 
concrete strengths. Proceeding of the 24th Australasian conference on the Mechanics 
of structures and materials (ACMSM24), 6-9 December, Perth, Australia. 
Abstract: The structural performance of multi-celled GFRP hollow beams is highly 
affected by the local buckling failure. Therefore, this study introduces pultruded multi-
celled GFRP beams filled with low strength concrete. The flexural behaviour of beams 
made up of 1, 2 and 3 pultruded GFRP square sections (125 mm x125 mm x 6.5mm) 
and filled with concrete having low compressive strength was investigated. The 
composite beams were subjected to four-point static bending test to determine the 
strength, stiffness and failure mechanisms. The results of the experimental 
investigations showed that the failure stress of 2 and 3 cells beams is 98% and 85% 
compared with single cell beam, respectively. However, the filling percentages are 
50% and 33%, respectively. All the tested beams were failed due to compression 
failure of the GFRP profile. Furthermore, the effective stiffness of 2 and 3 cells is 95% 
and 96%, respectively compared with single cell section.  
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 Conference Paper VI: Flexural behaviour of glued GFRP tubes 
filled with concrete 
M Muttashar, A Manalo, W Karunasena, W Lokuge (2017). Flexural behaviour of 
glued GFRP tubes filled with concrete. Proceeding of the 6th Asia-Pacific conference 
on FRP in structures, 19-21 July, Singapore. (Accepted) 
Abstract: The corrosion of steel reinforcement is considered the greatest factor limiting 
the service life of reinforced concrete structures. Glass fiber reinforced polymers 
(GFRPs) are known  as cost-effective materials  offering long-term durability and  less 
maintenance. As a result, these materials show great potential for use in the civil 
engineering applications. Due to the high cost of the manufacturing die, pultruded 
GFRP tubes are  produced in specific cross-section dimensions only. For high load 
applications and to comply with the serviceability requirements, a number of these 
pultruded sections can be assembled together by gluing them appropriately. This study 
presents an experimental investigation onto the flexural behavior of glued GFRP tube 
beams with 1, 2, 3 and 4 - cells filled with concrete under four-point loading. The 
results show that the strength of the 4 cells glued beams increased by 150 % and 88% 
for hollow and filled beams, respectively, compared with its counterpart single cell 
beam. The filled beams failed at 42 – 88 % higher load and showed 10 – 22 % higher 
stiffness compared with their hollow counterparts. The results also show that gluing 
small section tubes to produce large section beam is a practical solution to enhance the 
flexural performance of the composite tubes. 
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B.1 Appendix B: GLASS FIBRE CONTENT INVESTIGATION 
 Burnout test 
Burnout test was conducted to determine the content of glass fibre in the GFRP 
composite tube. The test was conducted following the standard ISO 1172 (1996). Four 
coupons of approximately 20 x 30 mm were cut from the four sides of the tube as 
shown in Figure B.1. The nominal dimension of the sample used in the test is shown in 
Table B.1. Table B. 2 on the other hand shows a summary of the measured dimensions 
and results of the test. The specific mass ρ and glass content Mg were calculated using 
Equations B.1 and B.2, respectively. 
 𝜌 =  𝑚𝑜 𝑣𝑓 ⁄                                                          (B.1) 
𝑀𝑔 =  (𝑚3 − 𝑚1) (𝑚2 − 𝑚1)⁄  𝑥 100                 (B.2) 
where m0 is the mass of the specimen, vff is the volume of the specimen, m1 is the 
initial mass of the dry crucible, m2 is the initial mass of the dry crucible plus dried 
specimen, and m3 is the final mass of the crucible plus residue after calcination. The 
test results displayed that the average specific mass of the tube is 2050 kg/m3. On the 
other hand, the fibre content of the tube is 78%. The results also indicate that the 
stacking sequence of the plies in the form of [00/+450/00/-450/00/-450/00/+450/00], 
where the 0o direction aligns with the longitudinal axis of the tube as shown in Figure 
B. 2. In addition, Table B. 3 summarised the content of the glass fibre of each ply.  
  
  
Figure B.1 Coupon samples 
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Table B.1 Details of the sample for burnout test. 
Types Standard 
Width, b     
mm 
Length, l     
mm 
Thickness*, t 
mm 
Burnout  ISO 1172 20 30 6.5 
* Nominal thickness of the tube 
Table B. 2 Summary of the results of burnout test. 
Sample 
No. 
Width, b 
mm 
Length, l 
mm 
Thickness, t 
mm 
Specific mass 
kg/m3 
Glass content 
% 
1 19.71 29.57 6.51 2043 77.8 
2 18.2 29.25 6.13 2027 78.3 
3 19.7 29.65 6.57 2035 77.9 
4 19.53 29.75 6.15 2091 80.5 
Average 19.29 29.31 6.35 2050 78.5 
Standard 
deviation 
0.6 0.35 0.2 25 1 
 
 
Table B. 3 Summary of the glass fibre content of each ply. 
Ply No. Ply orientation Glass content % 
1 0º 16 
2 +45º 5 
3 0 º 15 
4 -45º 5 
5 0º 18 
6 -45º 5 
7 0 º 15 
8 +45º 5 
9 0º 16 
Figure B. 2 the orientation of the glass fibre 
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C.1 Appendix C: BEARING STRENGTH INVESTIGATION  
 Bearing test 
In this study, in order to evaluate accurately the bearing capacity of the pultruded 
GFRP section under concentrated loading, coupon shear test was conducted first to 
determine the shear stress of the GFRP tube. The shear test was conducted according 
to the ASTM D5379/D5379M (1993) standards. Five coupon samples of a rectangular 
beam shape with V-notch symmetrically located at the centre were tested as shown in 
Figure C.1. A universal testing machine with a modified Iosipescu shear test fixture 
was used to apply the load on the specimens at a constant head speed of 1 mm/min. 
The applied load was measured with a 22 kN load cell and recorded using a data 
logger System 5000. The average shear stress is calculated by dividing the applied 
load by the area of the cross section between the notches using the following relation: 
𝜏𝑎𝑣𝑒 =  
𝑃
𝐴
                                                      (C.1) 
Table C.1 shows the experimental failure loads and the related shear stresses for the 
tested coupons. The results demonstrate that the average shear stress of the GFRP 
sections is 85.7 MPa.  
Then a full scale bearing load test was conducted on hollow and filled sections. The 
sections were placed on a solid base to simulate the worst case of concentrated loading 
(Wu & Bai 2014). The test was performed on the MTS testing machine. A rigid steel 
bearing plate with a thickness of 10 mm was used to apply the load on the specimens. 
The length of the bearing plate was 50 mm for both hollow and filled specimens. The 
width of the bearing plate was 200 mm, which is sufficient to act cross the full flange 
width of the GFRP section as shown in Figure C.2. Displacement control mode was 
used to apply the compressive load at a loading rate of 0.5 mm/min. Figure C.3 shows 
the failure mode of the tested beams. From the experimental observation, the failure 
occurred at web-flange junction of the beam with initial cracking of 45°. The cracks 
then progressed along the edges of the pultruded beam under the bearing plate and then 
the steel bearing plate broke the longitudinal fibres of the webs. Filled beam showed 
similar behaviour, however the concrete core enhanced the bearing capacity of the 
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pultruded beam. The final failure occurred at the web-flange junction under the steel 
bearing plate as shown in Figure C.3. 
The load –displacement relationship of the hollow beam is presented in Figure C.4. 
The figure shows that the displacement increased linearly with the increase of the load 
until a certain limit after which the first crack initiated and progressively developed. 
The section fails at a maximum load of 56 kN. In this study, an equation proposed by 
Wu and Bai (2014) to estimate the bearing failure load of pultruded section has been 
adopted. The bearing failure load (RN) was predicted using the proposed equation as 
follow: 
𝑅𝑁 =  𝑓𝑠  𝐴𝑠ℎ𝑒𝑎𝑟                                                     (C.2) 
where  
                                                         𝐴𝑠ℎ𝑒𝑎𝑟 =  2  𝑡𝑤  𝑏𝑝𝑙𝑎𝑡𝑒                                                                     (C.3) 
and bplate represents the width of the bearing plate and fs is the inter-laminar shear strength of the 
section. The predicted load was 54.4 kN which is very well agreed with the experimental 
results. The proposed equation is adopted to determine the bearing failure load of 
hollow GFRP beam according to the test configuration. As a result, the predicted 
bearing failure of hollow GFRP beam is 326 kN. For the filled beam, similar 
behaviour has been observed as shown in Figure C.5. The displacement increased with 
the increase of the applied load. The concrete core significantly improved the bearing 
capacity of the pultruded beam as the final failure occurred at 417 kN.  
 
  
Figure ‎0.1 shear test set-up 
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Table ‎0.1 Summary of the results of coupon shear test 
Sample 
No. 
Width, b 
mm 
Length, l 
mm 
Thickness, t 
mm 
Failure load 
kN 
Shear stress 
MPa 
S1 18 75 6.51 5986.7 85.7 
S2 18 75.3 6.13 5999.4 85.9 
S3 18 75 6.47 6016.8 86.1 
S4 18 75 6.15 5957.5 85.3 
S5 18 75 6.35 5973.2 85.5 
Average     85.7 
 
 
 
  
a b 
Figure ‎0.2 Actual illustration of Bearing test set-up 
Figure C. 3 Failure mode of a) hollow beam and b) filled beam 
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Figure ‎0.4 Load-displacement curves for hollow beams 
Figure C.5 Load-displacement curves for filled beams 
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D.1 Appendix D: DUCTILITY OF SINGLE AND MULTI-CELLED 
BEAMS  
 Ductility of a structural member is defined as the ability to sustain deformations prior 
to collapse, without loss in strength (Mirmiran et al. 1999). These researchers further 
suggest that the ductility can be determined by calculating the energy absorption of the 
beam, which is represented as the area under the load-deflection curve until the 
ultimate failure. Following this, the ductility of the single and multi-celled hollow and 
filled beams were determined from their respective load and deformation behaviour 
presented in Figures D.1 to D.4. The energy absorption of each beam is then listed in 
Table D.1.  
The results show that the ductility of concrete filled beams is significantly greater than 
that of the hollow beams. For example, the ductility of single cell beam filled with 10 
MPa, 37 MPa and 43 MPa concrete is about 230%, 350% and 380%, respectively 
higher than hollow beams. The increase in strength and energy absorption of the 
pultruded GFRP beams filled with concrete can be attributed to the concrete filling 
preventing the local buckling of the tubes. Similarly, the multi-celled beams showed 
an enhanced ductility after filling with concrete. The ductility of 2-celled beams is 
increased by up to 127% when filled with concrete at the top section compared to 
hollow beams. Likewise, 3- and 4-celled beams showed higher ductility than their 
hollow counterpart beams. The enhancement in the ductility of GFRP sections by 
filling them with concrete was also reported by Fam and Rizkalla (2002), Mohamed 
and Masmoudi (2010) and Abouzied and Masmoudi (2015). 
The failure behaviour of the GFRP tubes is changed by filling the top layers with 
concrete. While the failure started at the web-flange junctions and followed by 
premature buckling and crushing in the webs for hollow beams, the failure of filled 
beams was due to flexural compression at the constant moment region including 
cracks in the fibres in the transvers direction. Delamination cracks were observed at 
the compression surface as well. The complete failure of the filled beams occurred at 
strain level approximately 11200 microstrains. This strain level is far greater than the 
failure strain of the hollow section (3140 microstains) which indicated that the 
concrete infill changed the failure from local failure for hollow beams to flexural 
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compression failure for filled beams.   As a consequence, the deformation of the 
infilled beams was higher when these beams failed. Moreover, the moment-curvature 
behaviour of the filled beams increases with the increase of the deflection. The results 
show that the curvature of concrete filled beams is greater than that of the hollow 
beams. For example, the curvature of single cell beam filled with 10 MPa, 37 MPa and 
43 MPa concrete is about 158%, 173% and 177%, respectively higher than hollow 
beams. Similarly, the multi-celled beams showed an increase in the curvature after 
filling with concrete. The curvature of 2- , 3- and 4-celled beams is increased by 53%, 
88% and 94%, respectively, when filled with concrete at the top section compared to 
hollow beams. Although, the concrete filled beams did not present any obvious loss of 
stiffness prior to failure, the high deformation will give sufficient warning of the 
impending failure of the structure. 
Table ‎0.1 Summary of the experimental results for single and multi-celled GFRP beams 
Sample 
No. 
Failure load 
kN 
Deflection 
 MPa 
Ductility 
kN.m 
Curvature 
m-1 
H-0 80.8 39.5 1.6 72 
H-10 163 65 5.3 186 
H-37 189 76 7.2 197 
H-43 195 78 7.6 200 
2C-H-0 151.2 34.7 2.6 42 
2C-H-15 217 42.7 4.6 58 
2C-H-32 247.6 48 5.9 65 
3C-H-0 187.5 42.8 4 25 
3C-H-15 261.6 55.8 7.2 36 
3C-H-32 294.6 60.5 8.9 47 
4C-H-0 225 48 5.4 17 
4C-H-32 348 63.9 11.1 33 
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Figure ‎0.1 Load – displacement behaviour of single cell GFRP hollow and filled beams 
Figure ‎0.2 Load – displacement behaviour of 2 cells GFRP hollow and filled beams 
Figure ‎0.3 Load - displacement behaviour of 3 cells GFRP hollow and filled beams 
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Figure ‎0.4 Load - displacement behaviour of 4 cells GFRP hollow and filled beams 
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by updating a preprint in arXiv or RePEc with the accepted manuscript
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uses or as part of an invitation-only research collaboration work-group
directly by providing copies to their students or to research collaborators for
their personal use
for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement
         after the embargo period
via non-commercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement
In all cases accepted manuscripts should:
         link to the formal publication via its DOI
         bear a CC-BY-NC-ND license - this is easy to do
         if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.
Published journal ar ticle (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.
Policies for sharing publishing journal articles differ for subscription and gold open access
articles:
Subscr iption Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.
If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.
Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.
Please refer to Elsevier's posting policy for further information.
18. For  book authors the following clauses are applicable in addition to the above:  
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.
19. Thesis/Disser tation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.
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Terms & Conditions applicable to all Open Access ar ticles published with Elsevier :
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
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The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.
If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user  license:
CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.
CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by-nc-sa/4.0.
CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.
Commercial reuse includes:
         Associating advertising with the full text of the Article
         Charging fees for document delivery or access
         Article aggregation
         Systematic distribution via e-mail lists or share buttons
Posting or linking by commercial companies for use by customers of those companies.
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established by CCC's Billing and Payment terms and conditions, these terms and conditions
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14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
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incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
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15. Translation: This permission is granted for non-exclusive world English rights only
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must perform all translations and reproduce the content word for word preserving the
integrity of the article.
16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper-text must be
included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at
http://www.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.
Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier
homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.
Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.
17. For  journal authors: the following clauses are applicable in addition to the above:
Prepr ints:
A preprint is an author's own write-up of research results and analysis, it has not been peer-
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).
Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).
If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author  Manuscr ipts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.
Authors can share their accepted author manuscript:
         immediately
via their non-commercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
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their personal use
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appear more like, or to substitute for, the published journal article.
Published journal ar ticle (JPA): A published journal article (PJA) is the definitive final
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